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Long- Wave  Radio  Transmission  Phenomena  Associated 
with  a  Cessation  of  the  Sun's  Rays 

By  AUSTIN  BAILEY  and  A.  E.  HARPER 

The  variations  in  long- wave  radio  field  strength  near  the  time  of  sunset 
on  long  transmission  paths,  which  have  been  reported  by  many  observers, 
were  studied  for  the  purpose  of  formulating  rational  methods  of  forecasting 
their  time  of  occurrence.  During  some  preliminary  observations  fair  agree- 
ment was  found  between  the  time  of  minimum  field  and  the  sun's  position 
relative  to  a  particular  point  on  the  transatlantic  path  under  observation. 
The  more  extended  study  of  radio  field  variations  during  sunset  periods  and 
solar  eclipses  disclosed  that  in  general  no  exact  relationship  could  be  estab- 
lished between  the  sun's  position  at  any  point  and  the  occurrence  of  the 
minimum  field. 

Observations  of  field  variations  were  made  on  radio  signals  at  a  number 
of  diflFerent  frequencies  and  over  several  paths.  It  was  concluded  that  a 
characteristic  sunset  cycle  of  field  variations  is  present  on  frequencies 
between  18  kc.  and  68  kc.  for  transmission  paths  longer  than  700  krn. 
For  paths  less  than  200  km.  long,  such  variations  are  negligible.  There  is 
some  evidence  that  the  amplitude  of  these  field  variations  is  smaller  at  lower 
frequencies. 

Analysis  of  the  data  presented  indicates  that  long  waves  over  long 
paths  are  transmitted  predominately  by  "sky  waves."  From  the  data  it 
was  not  possible  to  establish  any  satisfactory  picture  of  the  path  followed. 
It  was  established,  however,  that  empirical  methods  based  on  observations 
over  a  particular  transmission  path  may  be  employed  to  forecast  the 
approximate  time  of  occurrence  of  field  variations. 

Introduction 

COMMERCIAL  transatlantic  radio  telephone  service  to  Europe  was 
inaugurated  on  January  7,  1927,  using  a  long-wave  circuit  on  a 
frequency  of  60  kilocycles.  The  difficulties  of  maintaining  a  satis- 
factory long-wave  circuit  through  that  part  of  each  day  when  sunset 
conditions  existed  along  the  transmission  path  had  been  recognized  ^  * 
for  several  years  prior  to  the  opening  of  service.  After  short-wave 
facilities  were  added  to  the  transatlantic  service,  it  became  important 
to  coordinate  operating  times  of  the  short-wave  transmitters  in  relation 
to  the  long-wave  channel  to  assure  maximum  reliability  and  efficiency 
of  service.     In  order  to  do  this,   a  more  precise   knowledge  of  the 

*  Numbers  refer  to  appended  list  of  references. 
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behavior  of  the  long-wave  circuit  during  the  sunset  period  was  needed, 
and  it  was  for  this  purpose  that  many  of  the  observations  reported  in 
this  paper  were  made. 

An  analysis  of  these  observations  indicated  that,  aside  from  their 
practical  application,  some  rather  fundamental  information  concerning 
the  probable  mechanism  of  transmission  on  long  waves  could  be 
obtained.  To  these  observations  other  data  were  added,  and  all  of 
this  available  material  was  systematically  studied  to  determine  the 
effect  of  the  cessation  of  the  sun's  active  rays  on  radio  transmission 
at  long  wave-lengths.  Although  the  results  alone  are  rather  incon- 
clusive, they  do  provide  sufficient  evidence  to  indicate  that  the  mecha- 
nism of  long-wave  transmission  is  in  some  ways  the  same  as  that  of 
short-wave  transmission  and  for  the  longer  paths  depends  primarily 
on  waves  returned  to  the  earth  by  layers  in  the  atmosphere. 

No  attempt  will  be  made  in  this  paper  to  review  the  present  status 
of  radio  transmission  theory  or  of  related  geophysical  phenomena, 
except  in  special  cases  where  required  to  show  the  significance  of  our 
results.  A  background  of  the  theory  has  been  provided  by  many 
investigators,  among  whom  Smith,^  Pedersen,^  Anderson,"  Appleton,^ 
Green,^  Namba,'  Yokoyama  and  Tanimura,^  Hollingworth  ^  and 
Heising  ^°  should  be  mentioned. 

The  analysis  of  the  data  taken  during  the  present  investigation  indi- 
cated that  the  connection  between  solar  and  radio  phenomena  is 
effected  through  the  agency  of  electromagnetic  radiation,  and  not  by 
means  of  low  velocity  corpuscular  solar  emission.  A  partial  corrobora- 
tion of  this  conclusion  was  secured  by  Schafer  and  Goodall,"-  ^^-  ^^  the 
U.  S.  Bureau  of  Standards,!"  and  others  during  several  solar  eclipses. 
The  rather  complete  analysis  of  data  taken  during  eclipses  which  has 
been  made  by  Appleton  and  Chapman  ^^  also  confirms  this  view. 

Method  of  Measurement  and  Estimated  Precision 
The  field  strength  of  special  60-kc.  test  dashes  transmitted  from 
WNL,  Rocky  Point,  New  York,  was  measured  at  Houlton,  Maine, 
Chatham,  New  Jersey,  and  Cupar,  Scotland.  The  Houlton  and 
Chatham  measurements  were  made  by  means  of  meter  comparisons 
with  a  calibrated  local  oscillator  and  it  is  believed  that  their  relative 
accuracy  is  of  the  order  of  ±0.1  db,  although  the  absolute  accuracy 
probably  falls  short  of  this  figure  by  a  considerable  margin.  Due  to 
the  comparatively  slow  rate  of  long-wave  field  variation,  no  effort  was 
exerted  to  obtain  better  timing  than  ±  10  seconds.  Since  weak  fields 
and  high  noise  are  common  during  the  late  afternoon  hours  on  the 
transatlantic  path,  it  is  believed  that  the  precision  of  the  Cupar 
measurements  necessarily  falls  short  of  that  possible  for  local  tests. 
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Measurements  made  at  Houlton  on  telegraph  traffic  from  Tuckerton, 
Nauen,  Ongar  and  Rocky  Point  are  believed  to  be  subject  to  relative 
errors  as  great  as  or  even  greater  than  ±2.5  db.  Comparisons  be- 
tween a  local  oscillator  and  telegraph  traffic  ordinarily  are  made  by 
means  of  a  cathode  ray  tube,  and  errors  are  occasioned  both  by  the 
difficulty  of  reading  the  tube  scale  and  by  the  varying  strength  of 
telegraph  signals  whose  intensity  is  a  function  of  the  keying  speed 
probably  because  of  sluggish  antenna  systems. 

The  measurements  on  special  60-kc.  test  signals  are  believed  to  be 
sufficiently  precise  to  provide  a  satisfactory  index  of  the  phenomena. 
The  measurements  on  telegraph  traffic  provide  data  for  a  qualitative 
estimate  of  the  nature  of  the  various  phases  of  the  phenomena  but 
probably  are  of  no  great  value  in  fixing  the  exact  time  of  occurrence  of 
field  strength  increments  smaller  than  2  db,  which  may  represent  the 
total  variation  of  some  phases  of  the  diurnal  cycle. 

General  Characteristics  of  Sunset  Effect  on  Short  Paths 

The  form  of  the  average  diurnal  sunset  cycle  of  received  field 
strength,  plotted  as  a  function  of  the  sun's  angular  altitude  at  some 
salient  point  on  the  great  circle  transmission  path,  is  shown  on  Fig.  1 
for  several  paths.  With  the  exception  of  the  shortest  path  of  122  km. 
between  Rocky  Point  and  Chatham,  New  Jersey,  a  well  defined  typical 
sunset  cycle  was  observed  in  all  cases.  If  we  assume  that  the  sunset 
dip  is  due  directly  or  indirectly  to  the  cessation  of  the  active  solar  rays 
in  the  upper  atmosphere,  the  absence  of  characteristic  large  field 
variations  at  sunset  for  short  paths  may  be  ascribed  to  a  predominance 
of  low  elevation  transmission  which  does  not  enter  the  layers  ionized 
by  the  sun.  If  rectilinear  this  transmission  would  pass  ^  km.  above 
Chatham  on  the  122-km.  path,  due  to  tangency  with  the  earth's 
surface.  The  possibility  of  transmission  between  two  points  122  km. 
apart  on  the  earth's  surface  without  a  "sky  wave,"  ^  therefore  requires 
that  the  ray  be  bent  around  the  spherical  contour  of  the  earth  by 
diffraction  and  atmospheric  refraction.^-  ^^ 

The  daily  occurrence  of  a  sunset  dip  on  paths  of  700  km.  and  longer 
may  be  explained  in  several  ways,  all  of  which,  however,  require  the 
existence  of  a  downcoming  ray.  For  example,  the  sunset  phenomena 
may  be  due  to  a  "fault"  in  the  reflecting  ionized  layer, ^  or  to  inter- 
ference between  two  reflected  rays  or  between  a  reflected  ray  and  a 
ground  wave.®-  "•  ^* 

Briefly,  in  accordance  with  the  "fault"  hypothesis,  the  shadow  cast 
upon  the  ionized  reflecting  layer  by  the  sun's  active  rays  tangent  to 
the  earth's  surface,  or  to  an  opaque  atmospheric  layer  concentric  with 
the  earth  which  hereafter  will  be  called  the  occulting  layer,  produces  a 
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Fig.  1 — Measured  radio  field  strength  plotted  as  a  function  of  the  sun's  angular 
altitude  at  some  salient  path  point. 
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"fault"  in  the  otherwise  uniform  daylight  ionized  layer  surface.  The 
form  of  fault  presumably  is  a  ring  generated  by  the  intersection  of  the 
shadow  cone  of  the  occulting  layer  with  the  si)herical  reflecting  layer 
surface.  As  the  fault  passes  over  the  reflected  radio  ray  apex,  reception 
of  the  optimum  ra>'  may  be  impeded,  either  because  of  scattering  due 
to  an  irregular  reflecting  surface,^  or  on  account  of  the  passage  of  the 
ionization  density  through  a  value  defined  by  the  Brewster  angle, 
thereby  changing  the  mode  of  transmission  from  daylight  metallic 
reflection  to  night-time  refraction.'' 

One  of  the  objects  of  this  analysis  was  to  find  the  angular  altitudes 
of  the  sun  at  some  fixed  point  on  the  transmission  path,  coinciding 
with  the  phases  of  the  sunset  cycle  of  field  variation  at  the  receiving 
station.  It  was  expected  that  with  these  data  available  over  the 
period  of  a  year,  it  would  not  be  difficult  to  locate  the  salient  point  on 
the  transmission  path  affected  by  the  cessation  of  the  sun's  rays  by 
means  of  Sumner  lines  of  position  ^^■^^  provided,  of  course,  that  the 
physical  structure  of  the  layers  showed  negligible  variation.  From 
the  above-mentioned  data  it  would  also  be  possible  to  compute  the 
distance  between  the  occulting  and  reflecting  layers  ^^  and  to  accurately 
predict  the  time  of  occurrence  of  the  sunset  minimum.  As  shown  in 
Tables  I-IV,  annual  and  fortuitous  variations  in  the  time  of  occurrence 
of  the  phases  of  the  phenomenon  prevent  the  satisfactory  application 
of  this  method  to  long  path  effects,  and  when  applied  to  the  Rocky 
Point-Houlton  path  the  point  so  located  apparently  is  situated  a 
considerable  distance  to  the  southwest  of  the  most  southerly  path 
terminal.  This  presumably  indicates  that,  if  the  phenomena  take 
place  at  a  fixed  location  on  the  transmission  path,  there  must  either 
be  an  annual  variation  of  considerable  magnitude  in  the  effective 
distance  between  the  reflecting  and  occulting  layers,  or  the  mechanism 
involved  must  be  considerably  more  complex  than  that  initially 
assumed. 

Frequency  Range  of  Phenomena 

The  characteristic  diurnal  sunset  cycle  was  found  on  all  frequencies 
studied  during  this  investigation,  the  scope  of  which  was  limited  to 
frequencies  between  18  and  68  kilocycles.  Available  published  data 
taken  by  other  investigators  indicate  that  the  pronounced  sunset 
minimum  characteristic  of  long-wave  transmission  is  not  observed  at 
broadcast  frequencies.* '^^  This  may  be  due  to  the  failure  of  trans- 
mission to  improve  after  the  sunrise  drop,  giving  an  all  day  minimum, 
or,  if  the  minimum  is  due  principally  to  interference  bands,  the  fineness 
of  band  pattern  at  high  frequencies  may  prevent  the  phenomenon  from 
being  recognized. 
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Observations  on  GBR  at  16  kilocycles  at  Houlton  during  the  latter 
part  of  April,  1934,  showed  little  evidence  of  a  minimum.  These 
measurements  were  made  on  telegraph  traffic  and  if  a  minimum 
occurred  its  amplitude  must  have  been  less  than  the  observational 
errors  of  this  method  of  measurement.  These  results  seem  to  be 
confirmed  by  the  observations  of  Yokoyama  and  Tanimura  *  which 
show  a  pronounced  decrease  in  the  amplitude  of  the  sunset  cycle  at 
frequencies  below  17  kilocycles,  while  frequencies  slightly  above  this 
value  display  the  characteristic  effects.  This  apparent  difference  in 
the  behavior  of  18  and  16-kc.  transmission,  seems  rather  unusual  and 
if  real  may  have  some  geophysical  significance. 

Results 

An  examination  of  the  data  taken  on  the  Rocky  Point-Houlton 
60-kc.  transmission  path  as  plotted  on  Figs.  2  and  3  discloses  that  of 
the  ten  cases  plotted,  nine  show  that  a  minimum  in  measured  field 
occurs  22-26  minutes  or  an  average  of  23  minutes  after  surface  sunset 
at  Rocky  Point,  corresponding  to  an  altitude  of  the  sun  of  4  to  5^ 
degrees  below  the  horizon,  and  in  a  single  case  at  18  minutes  after 
sunset  on  August  29,  1934.  The  results  in  the  winter  months  seem  less 
regular  than  in  summer  and  the  cases  of  2/25/34  and  1/21/34  are 
especially  noteworthy  in  that  they  show  multiple  minima,  the  23- 
minute  minimum  being  subsidiary  to  a  minimum  occurring  about  an 
hour  after  Rocky  Point  sunset  on  1/21/34.  The  fact  that  minima 
occur  at  a  nearly  constant  interval  after  Rocky  Point  surface  sunset, 
which  occurs  at  the  same  time  that  the  sun's  rays  are  tangent  to  con- 
centric elevated  layers  above  this  point,  rather  than  sunset  at  some 
other  path  point,  is  believed  to  be  the  result  of  a  fortuitous  combination 
of  circumstances  rather  than  a  rational  relationship  between  these 
times.  This  hypothesis  is  strengthened  by  data  shown  in  Table  I 
taken  over  the  same  path  at  18  kilocycles  and  data  in  Table  II  taken 
at  18  kilocycles  over  the  900-km.  Tuckerton-Houlton  path  which  do 
not  show  this  same  constant  relationship  with  the  time  of  sunset  at 
the  transmitting  station.  Of  three  observations  obtained  over  the 
Rocky  Point-Houlton  18-kc.  transmission  path  the  minimum  in  field 
occurred  34  minutes  after  sunset  at  Rocky  Point  in  two  cases  but  on 
the  other  day  it  occurred  22  minutes  after  sunset  at  Rocky  Point. 
On  all  three  occasions,  however,  the  minimum  was  between  35  and  37 
minutes  (—  6°  to  —  6.5°  altitude  of  sun)  after  surface  sunset  at  the 
mid-path  point.  As  in  the  case  of  the  60-kc.  path  for  which  data  are 
shown  on  Figs.  2  and  3,  the  field  began  to  fall  at  mid-path  surface 
sunset. 
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TABLE   I 
Rocky  Point-Houlton- 


-18.8  Kc. 


Distance  700  Km.     Average  Minimum  13  Db  Below  Field  Immediately 
Preceding  Drop 


Time  of  Sunset, 
GCT 

Minimum  Field 

Interval  Between  Sunset 
and  Minimum 

Date 

Rocky 
Point 

Iloulton 

Time 
GCT 

Sun's  Alti- 
tude at 
Midpath 
Degrees 

Mid- 
path 

Rocky 
Point 

Houlton 

6/  1/34... 

8/  2/34.... 

10/21/34.... 

0016 
0009 
2204 

0014 
0003 

2137 

0050 
0043 

2226 

-6.0 
-6.7 
-7.4 

0:35 
0:37 
0:35 

0:34 
0:34 
0:22 

0:36 

'  0:40 

0:49 

Average 

-6.7 

0:36 

0:30 

0:42 

TABLE   II 

TUCKERTON-HOULTON- 


-18.4  Kc. 


Distance  900  Km. 


Average  Minimum  7.9  Db  Below  Field  Immediately 
Preceding  Drop 


Time  of  Sunset, 
GCT 

Minimum  Field 

Interval  Between  Sunset 
and  Mininum 

Date 

Tucker- 
ton 

Houlton 

Time 
GCT 

Sun's  Alti- 
tude at 
Midpath 
Degrees 

Mid- 
path 

Tucker- 
ton 

Houlton 

4/28-29/34  . 
4/30-5/1/34. 
5/  1-  2/34  . 
5/  3-  4/34  . 
5/  9-10/34  . 
5/10-11/34  . 
5/11-12/34  . 
5/17-18/34  . 
5/21-22/34  . 
5/24-25/34  . 
5/28-29/34  . 
6/  4-  5/34  . 
6/  7-  8/34  . 
6/11-12/34  . 
6/14-15/34  . 

2349 
2351 
2352 
2354 
2359 
0000 
0001 
0006 
0010 
0013 
0016 
0021 
0023 
0025 
0027 

2335 
2337 
2338 
2342 
2349 
2350 
2351 
2359 
0004 
0007 
0011 
0017 
0019 
0022 
0023 

0030 
0033 
0040 
0045 
0053 
0047 
0027 
0048 
0046 
0050 
0115 
0117 
0115 
0120 
0122 

-  9.0 

-  9.0 
-10.0 

-  9.6 
-10.2 

-  9.4 

-  5.9 

-  8.0 

-  6.9 

-  7.0 

-  9.8 

-  9.1 
-11.0 

-  9.0 

-  9.3 

0:48 
0:49 
0:55 
0:57 
1:00 
0:52 
0:31 
0:46 
0:39 
0:40 
1:02 
0:58 
0:54 
0:57 
0:57 

0:41 
0:42 
0:48 
0:51 
0:54 
0:47 
0:26 
0:42 
0:36 
0:37 
0:59 
0:56 
0:52 
0:55 
0:55 

0:55 
0:56 
1:02 
1:03 
1:04 
0:57 
0:36 
0:49 
0:42 
0:43 
1:04 
1:00 
0:56 
0:58 
0:59 

Average 

-   9.5 

0:51 

0:47 

0:55 

The  18-kc.  Tuckerton-Houlton  900-km.  path  of  nearly  the  same 
azimuth  as  the  Rocky  Point-Houlton  path,  showed  a  minimum  occur- 
ring irregularly  at  from  31  to  62  minutes,  or  an  average  of  51  minutes 
after  mid-path  sunset,  corresponding  to  an  average  sun's  altitude  of 
-  9.5°.     Since  the  data  of  Table  II  are  subject  to  the  errors  inherent 
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to  measurements  made  on  telegraph  traffic,  a  portion  of  the  large 
variation  in  time  may  be  due  to  experimental  errors. 

The  wave-like  variations  in  field  intensity  observed  on  the  Rocky 
Point-Houlton  60-kc.  path  on  1/21/34  and  4/15/34  have  the  appearance 
of  interference  fringes,^- ^^  and  if  explained  on  this  basis  the  question 
at  once  arises  whether  or  not  interference  is  the  principal  cause  of  the 
sunset  cycle.  If  daylight  communication  is  accomplished  either  by 
means  of  a  single  reflected  ray  in  combination  with  a  ground  wave,  or 
by  the  resultant  of  a  number  of  reflected  rays  of  nearly  constant  com- 
plex propagation  constants,  at  sunset  the  occultation  of  the  ionizing 
rays  from  the  transmission  medium  by  tangency  with  an  occulting 
layer,  might  reasonably  be  expected  to  produce  variations  in  both  the 
real  and  imaginary  portions  of  the  propagation  constant  of  the  medium, 
thereby  causing  interference  fringes  through  the  variation  of  the  rela- 
tive phase  of  different  rays. 

As  an  example,  we  may  assume  that  on  the  Rocky  Point-Houlton 
transmission  path  the  ground  ray  provides  the  principal  agency  of 
daylight  communication  by  means  of  atmospheric  refraction  and 
diffraction.  At  the  approach  of  sunset,  reduced  ionization  between 
the  earth  and  the  reflecting  layer  reduces  the  attenuation  in  the  path 
of  the  reflected  ray,  producing  a  resultant  received  field  which  is  a 
function  of  the  relative  intensity  and  phase  of  the  two  waves.  As  the 
effect  of  the  sun's  active  rays  becomes  still  less,  the  decreased  ionization 
of  the  layers  produces  variations  in  the  phase  of  arrival  of  the  reflected 
wave,  either  through  changes  in  the  propagation  constant,  or  on 
account  of  greater  path  length  occasioned  by  an  increased  virtual 
height  of  the  reflecting  layer. 

Now  since  the  resultant  received  field  is  the  vector  sum  of  the  two 
rays,  when  one  ray  is  much  smaller  than  the  other,  variations  in  their 
relative  phase  will  produce  small  amplitude  fluctuations  in  the  re- 
sultant, with  maxima  and  minima  equal  to  the  sum  and  difference  of 
the  two  components.  As  the  two  components  approach  equality, 
however,  the  maxima  will  approach  twice  the  intensity  of  one  com- 
ponent ray,  while  the  minima  will  approach  zero,  thereby  producing  a 
very  deep  "dip"  in  the  received  field. 

The  "D"  Layer 

It  has  been  suggested  by  Heising,^"  Appleton  "  and  Chapman  "^^ 
that  passage  through  a  low-elevation  layer  of  ozone  produced  by  solar 
ionization,  is  one  of  the  principal  causes  for  the  daylight  attenuation 
of  the  reflected  ray.*  Radio  transmission  measurements  at  broadcast 
frequencies,  reported  by  the  U.  S.  Bureau  of  Standards  "  and  by  the 
Australian  Council  for  Scientific  and  Industrial  Research,^  show  a  rapid 
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decrease  in  sky-wave  attenuation  beginning  shortly  before  tangential 
sunset  and  continuing  for  from  one-half  to  two  hours  after  sunset. 
On  the  60-kc.  long-distance  path  the  evidence  of  the  initial  phases  of 
this  phenomenon  is  not  so  well  defined,  due  probably  to  the  gradual 
nature  of  the  change,  and  to  the  characteristic  sunset  minimum  which 
occurs  shortly  after  sunset.  Recent  measurements  made  on  the 
transatlantic  radio  telephone  channels,  however,  indicate  a  presunset 
rise  in  field  of  about  2  db,  beginning  when  the  sun's  altitude  becomes 
low  enough  to  cause  an  appreciable  lengthening  of  the  atmospheric 
ray  path,  thereby  decreasing  the  intensity  of  the  active  solar  rays.  A 
presunset  increase  is  very  apparent  on  the  Rocky  Point-Houlton  60-kc. 
measurements,  beginning  at  about  40  minutes  before,  and  continuing 
to  a  maximum  at  the  instant  of  mid-path  sunset.  There  is  a  possi- 
bility, however,  that  this  phase  may  be  due  to  interference  phenomena. 

More  conclusive  evidence  of  the  effect  of  a  reduction  in  the  intensity 
of  the  sun's  ionizing  rays  is  provided  by  long-wave  field  strength 
measurements  made  during  the  solar  eclipses  of  January  24,  1925,  and 
August  31,  1932.  The  data  taken  in  1925  were  secured  by  means  of  an 
automatic  recorder  on  the  Rocky  Point-Belfast  57-kc.  path  and  manual 
measurements  were  made  at  the  European  receiving  stations.  In 
1932,  automatic  recorders  were  used  on  both  the  Rocky  Point-Houlton 
60-kc.  path  and  the  Rugby-Houlton  68-kc.  path.  In  all  cases  where 
automatic  recorders  were  used  the  data  were  abstracted  from  the 
record  and  replotted  for  reproduction. 

Figures  4  and  5  show  the  eclipse  circumstances  and  the  concurrent 
variations  in  the  measured  radio  field  strength.  The  Chedzoy,  New 
Southgate,  and  somewhat  less  clearly  the  Aberdeen  measurements  in 
1925,  show  the  results  of  reduced  attenuation  almost  immediately  after 
the  first  darkening  of  the  transmission  path.  For  the  1932  data  this 
effect  is  clearly  evident  on  the  Rocky  Point-Houlton  measurements. 

The  sudden  increase  in  field  to  be  expected  at  the  beginning  of  the 
eclipse  at  Belfast  in  1925  is  not  apparent  from  the  data,  and  its  absence 
may  be  due  either  to  improper  recorder  operation  or  to  some  fortuitous 
phenomenon  peculiar  to  that  particular  eclipse,  such  as,  for  example, 
the  possibility  that  the  phases  of  ground  and  sky  waves  were  in 
quadrature.  The  Rugby-Houlton  observations  in  1932  likewise  are 
ambiguous  because  the  true  eclipse  effect  is  complicated  by  superposed 
sunset  effects  originating  at  the  eastern  path  terminal,  and  the  ob- 
served increase  in  field  may  be  due  to  these  rather  than  to  the  eclipse. 

In  all  cases  except  the  two  mentioned  above,  the  increase  in  field 
was  followed  by  a  rapid  drop,  with  a  minimum  occurring  at  the 
approximate  time  the  totality  shadow  crossed  the  transmission  path. 
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Long  Transmission  Paths 

An  examination  of  long-distance  data  of  Tables  III  and  IV  discloses 
the  following  facts  regarding  these  phenomena. 

TABLE  III 

Nauen-Houlton — 23  Kc. 

Distance  5600  Km.     Average  Minimum  13  Db  Below  Field  Immediately 
Preceding  Drop 


Time  of  Sunset, 
GOT 

Minimum  Field 

Interval  Between  Sun- 
set and  Mininum 

Date 

Nauen 

1/6 
Path 
Point 

Time 
GCT 

Sun's  Altitude 
at  1/6  Path 
Point  Degree 

Nauen 

1/6 
Path 
Point 

3/12/34 

3/19/34 

3/22/34 

3/26/34 

3/29/34 

4/  2/34 

4/  5/34 

4/  9/34 

4/10/34 

4/12/34 

1706 
1718 
1723 
1730 
1735 
1742 
1747 
1754 
1756 
1759 

1756 
1810 
1816 
1824 
1830 
1839 
1845 
1853 
1855 
1859 

1838 
1836 
1900 
1850 
1903 
1925 
1857 
1940 
1944 
1950 

-6.2 
-4.2 
-5.5 
-4.2 
-5.5 
-6.7 
-2.5 
-7.0 
-7.0 
-7.2 

32 
18 
37 
20 
28 
43 
10 
46 
48 
51 

0:42 
0:26 
0:44 
0:26 
0:33 
0:46 
0:12 
0:47 
0:49 
0:51 

Average 

-5.6 

1:33 

0:37 

Distance  5172  Km. 


TABLE   IV 

Rocky  Point-Cupar — 60  Kc. 

Average  Minimum  25  Db  Below  Field  Immediately 
Preceding  Drop 


Time  of  Sunset, 
GCT 

Minimum  Field 

Interval  Between  Sun- 
set and  Minimum 

Date 

Cupar 

5/6 
Path 
Point 

Time 
GCT 

Sun's  Altitude 

at  S/6  Path 
Point  Degrees 

Cupar 

5/6 
Path 
Point 

10/11/33... 

11/22/33... 
12/20/33... 

2/25/34... 

3/18/34... 

4/15/34.  .  . 

6/17/34... 

1724 
1554 
1548 
1736 
1820 
1917 
2101 

1817 
1644 
1626 
1830 
1916 
2015 
2206 

1910 

1807 
1756 
1958 
2029 
2117 
2322 

-  8.0 
-10.4 
-10.6 
-12.5 
-10.7 

-  8.4 

-  6.6 

1:46 
2:13 
2:08 
2:22 
2:09 
2:00 
2:21 

0:53 
1:23 
1:30 
1:28 
1:13 
1:02 
1:16 

Average 

-  9.6 

2:08 

1:15 

Rocky  Point-Cupar  60-Kc.  Path,  Table  IV 
1.  Minimum  field  does  not  follow  surface  sunset  at  any  point  on 
the  transmission  path  by  a  constant  time  interval  independent  of 
season. 
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2.  The  altitude  of  the  sun  as  measured  from  the  most  easterly  path 
apex  of  an  hypothetical  three-reflection  path  varies  from  approximately 
—  6°  in  summer  to  —  13°  in  winter  at  the  instant  of  minimum  field, 
and  computation  shows  that  there  is  no  point  on  the  path  at  which  the 
altitude  remains  constant. 

3.  Daily  irregularities  of  considerable  magnitude  are  often  noted. 

Ongar-Houlton  Path 

1.  Multiple  minima  of  irregular  distribution  seem  characteristic 
of  this  path. 

2.  Averages  of  field  strength  as  a  function  of  the  sun's  altitude  at 
three  path  apices  show  separate  minima  when  the  sun  is  at  about  —  6° 
during  May  and  June. 

Nauen-Houlton,  Table  III 

1.  The  time  of  minimum  field  varies  as  much  as  40  minutes  within 
a  few  days. 

2.  An  average  of  the  March-April  data  indicates  that  the  minimum 
takes  place  when  the  sun's  altitude  is  approximately  —  5.6°  at  the  first 
of  three  path  apices,  or  37  minutes  after  sunset  at  the  earth's  surface 
under  this  point. 

Conclusions 
Based  solely  upon  the  rather  meagre  data  gathered  during  this 
study,   and  therefore  subject  to  further  confirmation   before  being 
considered  generally  applicable  to  all  long-wave  transmission  paths, 
our  conclusions  may  be  recapitulated  as  follows: 

1.  A  characteristic  cycle  of  events  accompanies  the  cessation  of  the 
sun's  active  rays,  consisting  of  an  initial  increase  in  field  during  the 
reduction  of  solar  intensity,  followed  by  a  minimum  received  field 
after  the  sun's  rays  are  cut  ofT  at  the  earth's  surface.  This  cycle, 
occurring  both  at  sunset  and  during  total  solar  eclipses,  is  typical  of 
long-wave  transmission  in  the  18-70-kc.  band  over  paths  in  excess  of  a 
few  hundred  kilometers. 

2.  The  time  interval  between  sunset  at  any  point  on  the  transmission 
path  and  the  instant  of  minimum  field  has  an  annual  and  an  apparently 
fortuitous  daily  variation.  As  a  result  of  these  variations  the  minimum 
does  not  occur  when  the  sun  is  at  a  fixed  angular  altitude  at  any  point 
on  the  transmission  path. 

3.  The  time  interval  between  sunset  at  some  fractional  path  point 
and  the  instant  of  minimum  field,  and  likewise  the  angular  altitude  of 
the  sun  referred  to  the  plane  of  the  horizon  at  such  a  point,  increases 
with  both  the  path  length  and  the  wave-length,  and  is  maximum  during 
the  winter  months. 
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4.  The  amplitude  of  variation  of  the  sunset  cycle  apparently  is 
reduced  greatly  at  frequencies  below  17  kilocycles  and  on  paths  shorter 
than  200  km. 

5.  Evidence  of  interference  fringes  on  some  of  the  observations 
suggests  the  possibility  that  the  main  sunset  minimum  may  be  the 
result  of  interference  phenomena. 

6.  The  fact  that  the  phases  of  the  radio  transmission  cycle  closely 
follow  the  optical  eclipse  circumstances  indicates  that  the  radio 
phenomena  must  be  related  to  solar  radiation  of  velocity  similar  to 
that  of  light. 

7.  On  transatlantic  paths  during  the  spring  and  summer  months 
the  average  sunset  minimum  occurred  when  the  sun  was  approximately 
6°  below  the  horizon  at  one-sixth  of  the  total  path  length  from  the 
eastern  terminal.  Since  these  paths  varied  considerably  in  latitude 
and  length,  the  phenomena  may  be  related  to  effects  occurring  at  the 
most  easterly  apex  of  a  three-reflection  path.  The  data  obtained  in 
this  investigation,  however,  are  not  sufificient  to  definitely  establish  the 
generality  of  this  hypothesis. 

8.  Empirical  rules  may  be  formulated  for  the  prediction  of  the  time 
of  occurrence  of  various  phases  of  the  sunset  cycle  on  short  transmission 
paths.  For  example,  the  beginning  of  the  drop  in  field  on  the  60-kc. 
Rocky  Point-Houlton  path  occurs  at  mid-path  surface  sunset,  and  the 
minimum  occurs  at  approximately  23  minutes  after  surface  sunset 
at  Rocky  Point.  On  longer  paths  larger  fortuitous  variations  occur 
and  available  data  fail  to  connect  the  time  of  the  minimum  with  sunset 
at  any  point  on  the  transmission  path.  Representative  curves  drawn 
from  the  data,  although  subject  to  random  errors,  provide  an  empirical 
method  for  the  prediction  of  the  approximate  time  of  occurrence  of 
the  phenomena  and  are  of  service  in  traffic  and  power  scheduling. 
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APPENDIX   I 

Position  of  Intermediate  Points  on  the  Transmission  Path 

The  method  of  determining  the  transmission  path  parameters  and 
the  position  of  intermediate  path  points  spaced  a  given  distance  from 
a  path  terminal  is  given  in  detail  below. 
Let    (f  —  Latitude, 
Lo  =  Longitude, 

D  =  Distance,  nautical  miles  between  subscript  points, 
C  =  Path  azimuth  at  subscript  point, 
Subscript  a  denotes  sending  station, 
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Subscript  h  denotes  receiving  station, 

Subscript  x  denotes  intermediate  point, 

Loab  =  Difference  in  longitude  between  a  and  b. 

By  the  law  of  cosines,  in  a  spherical  triangle  of  sides  abc  and  angles 
ABC,  if  we  are  given  two  sides  and  the  included  angle,  the  side  opposite 
the  given  angle  may  be  computed  from  (1)  below. 

(1)  cos  a  =  cos  b  cos  c  -\-  s\n  b  sin  c  cos  A 
or  substituting  geographical  coordinates 

(2)  cos  Dab  =  sin  <pa  sin  (pb  +  cos  <pa  cos  ^  cos  Loab- 

This  may  be  made  more  convenient  for  logarithmic  computation  by 
writing  it  in  the  following  form: 

(3)  hav  Dab  =  hav  ((pa  —  <pb)  +  cos  tpa  cos  (pb  hav  Loab- 
Now  by  the  law  of  sines 


(4) 


sm 


sm 


^         cos  (fb  sm  Loai,  .      J  r^ 

Ca   =   -■ ?S =  cos   ipb  sm  Loab  CSC  Dab, 

sm  Dab 
„       COS  <pa  sin  Loajb  ■     T  7-> 

Cb  =  --T =i =  cos  ^a  sm  Loab  CSC  DoA. 

sm  Vab 


Equations  (3)  and  (4)  above  determine  the  great  circle  distance 
between  "a"  and  "6,"  the  azimuth  of  "a"  from  "6,"  and  "6"  from 
"a."  To  find  the  position  of  a  point  "x"  located  a  fraction  of  the 
total  distance  between  "a"  and  "b"  we  again  substitute  in  (1), 
obtaining 


sin  (px  =  sin  <pb  cos  D^t,  +  cos  <^6  sin  Pj*  cos  G,, 
+  cos  (Pa  sin  Z?ia  cos  Ca, 


,  .  fsin  ^^  =  sin  <pb  cos  Z) 

[sin  <pi  =  sin  ipa  cos  Z>, 

and  by  the  law  of  sines 
sin  Loax  = 
sin  Lobj.  = 


(6) 


sin  Ca  sin  D^a 
cos  ^i 

sin  Cfc  sin  Z)^, 


cos  (ji?! 


=  sin  Ca  sin  Pia  sec  (px, 
=  sin  Cb  sin  D^b  sec  (jsx. 


The  latitude  and  longitude  of  intermediate  point  "x"  are  therefore 
determined  by  equations  (5)  and  (6)  above. 
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APPENDIX    II 

Determination  of  Sun's  Altitude  and  Azimuth 

The  angle  of  the  sun  to  the  horizon  and  to  the  meridian  plane  at  any 
hour  may  be  computed  by  methods  similar  to  the  above.  F'or  this 
case  we  have  a  celestial  triangle  whose  sides  are  a  meridian  through 
the  observer's  zenith,  a  meridian  through  the  sun,  and  a  great  circle 
through  the  sun  and  the  zenith.  The  arc  subtended  by  the  pole  and 
zenith  is  the  complement  of  the  observer's  latitude  'V."  the  arc  sub- 
tended by  the  pole  and  the  sun  is  the  complement  of  the  sun's  declina- 
tion "d"  (celestial  latitude),  and  the  angle  "/"  at  the  pole  between 
these  two  arcs  is  the  sun's  hour  angle.  With  these  two  sides  and 
included  angle  we  may  compute  the  arc  between  the  sun  and  the  zenith 
(complement  of  the  altitude  " h")  and  the  sun's  azimuth  "s"  which 
is  the  angle  between  the  meridian  containing  the  zenith  and  the  great 
circle  passing  through  the  zenith  and  the  sun. 

By  the  law  of  cosines  (1)  above 

(8)  sin  h  =  sin  d  sin  <p  +  cos  d  cos  (p  cos  / 

and  by  the  law  of  sines 

,r,\  •     r,      sin  t  cos  d 

(9)  sm  Z  = -. —  • 

cos  h 

Values  of  h  and  z  as  a  function  of  (p,  d  and  /  are  tabulated  in  con- 
venient form  in  hydrographic  office  publication  H.O.  No.  203.  The 
sun's  declination  and  the  computed  times  of  sunset  may  be  obtained 
from  the  American  Nautical  Almanac. 


The  Corrosion  of  Metals — I.  Mechanism  of  Corrosion 

Processes 

By   R.   M.   BURNS 

This  paper  outlines  the  application  of  electrochemical  methods  to  corro- 
sion investigations.  It  discusses  the  position  of  the  potential  of  a  metal 
against  its  environment  and  the  trend  of  this  potential  with  time,  pointing 
out  that  it  is  thereby  possible  to  determine  whether  the  corrosion  process  is 
controlled  by  reactions  occurring  at  the  anodic  areas,  the  cathodic  areas,  or 
both;  that  is,  whether  there  is  a  tendency  toward  passivity,  inhibition  or 
progressive  attack.  Measurements  of  film  stability  whether  in  terms  of  the 
leakage  current  which  may  be  passed  through  the  film  or  in  terms  of  the 
amount  of  film  forming  material  required  to  produce  passivity  or  the 
amount  of  film  destroying  material  required  to  render  a  metal  active,  fur- 
nish information  as  to  the  quality  of  corrosion  resistant  films.  Measure- 
ments of  the  rate  at  which  a  film  forms  on  a  metal  when  placed  in  a  film- 
forming  environment  throws  light  on  its  relative  surface  reactivity,  and 
such  information  is  of  assistance  in  determining  the  rate  of  corrosion  in 
homogeneous  corrosive  environments  or  the  rate  of  passivation  in  the  film- 
forming  environments.  On  the  basis  of  such  measurements  and  with  a 
chemical  knowledge  of  the  environments  in  which  metals  are  used  as  well 
as  the  composition  and  physical  state  or  structure  of  the  metals,  it  is  pos- 
sible to  predict  corrosion  behavior  and  to  obtain  an  understanding  of  cor- 
rosion problems  usually  not  possible  by  ordinary  empirical  corrosion  tests. 

ALL  metals  are  corrodible  under  the  appropriate  circumstances. 
The  most  important  metal  industrially,  iron,  is  probably  the  most 
corrodible  under  ordinary  conditions.  Many  estimates  have  been 
made  of  the  value  of  iron  and  steel  products  destroyed  by  corrosion.^ 
While  much  depends  upon  the  basis  of  calculation  it  seems  reasonable 
to  conclude  that  the  annual  cost  of  corrosion  in  this  country  is  of  the 
same  order  as  the  interest  on  the  public  debt  or  nearly  one  third  of  the 
cost  of  the  federal  government  in  normal  times.  The  common  non- 
ferrous  metals — zinc,  lead,  copper,  aluminum,  nickel  and  tin — are  more 
resistant  to  corrosion  largely  because  of  their  tendencies  to  form  pro- 
tective surface  films.  In  the  atmosphere  under  favorable  circum- 
stances tests  have  indicated,  for  example,  that  in  the  form  of  sheet 
0.03  inch  in  thickness  and  exposed  on  one  side  as  in  the  case  of  roofings, 
zinc,  copper  and  lead  if  mechanically  undisturbed  would  resist  cor- 
rosion for  more  than  one,  two  and  three  centuries  respectively.^  Once 
a  protective  film  is  formed  it  may  preserve  the  metal  indefinitely. 
Under  other  circumstances  these  metals  may  readily  corrode.  Contact 
with  large  inert  soil  particles  may  result  in  the  perforation  of  cable 
sheathing  0.10  inch  in  thickness  in  about  8  years.'  Tin,  although 
resistant  to  corrosion  in  air  and  pure  water,  is  severely  corroded  by 
alkalies,  and  aluminum  is  attacked  by  both  alkalies  and  acids.     The 
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noble  metals  such  as  gold,  silver  and  platinum,  being  less  reactive 
chemically  than  the  more  basic  metals,  are  as  a  group  the  least  cor- 
rodible,  yet  silver  tarnishes  markedly  in  moist  atmospheres  containing 
volatile  sulfur  compounds;  gold  is  attacked  by  halogens  in  solution 
and  platinum  by  fused  alkalies. 

The  protection  of  metals  from  corrosion  may  be  accomplished  in 
general  either  by  maintaining  a  non-corrosive  surrounding  environ- 
ment or  by  coating  the  metallic  parts  with  paints,  lacquers  or  more 
corrosion-resistant  metals.  Such  measures  as  the  control  of  humidity 
and  dust  in  interior  atmospheres,  deoxygenation  of  boiler  waters,  the 
use  of  passivators  such  as  chromates,  carbonates,  phosphates,  silicates 
and  alkalies  in  the  water-cooling  systems  or  water  scrubbers  of  air 
conditioning  equipment  and  the  use  of  cathodic  protection  which  con- 
sists in  setting  up  an  electrolytic  cell  in  which  the  metallic  part  subject 
to  corrosion  is  made  the  cathode,  are  typical  examples  of  environmental 
control  designed  to  inhibit  corrosion.  Another  well-known  example  of 
avoiding  corrosion  by  control  of  environment  is  the  protection  of 
underground  cables  which  is  afiforded  by  the  proper  drainage  of  elec- 
trical stray  currents  which  have  been  picked  up  by  the  cable  network. 
Where  it  is  infeasible  to  maintain  an  inert  environment  the  use  of  non- 
ferrous  metallic  coatings  is  of  great  value  in  the  preservation  of  steel 
products.  Much  metallurgical  work  has  been  devoted  in  recent 
years  to  the  development  of  corrosion-resistant  alloys.  In  both  of 
these  cases  the  protective  feature  consists  in  a  naturally  developed 
surface  film.  Where  natural  films  afiford  insufficient  protection  it 
becomes  necessary  to  resort  to  coatings  of  organic  materials  such  as 
paints,  lacquers,  enamels,  complex  structures  of  such  materials  as 
pitches  or  asphalts  with  jute  felt  or  paper,  etc.  It  has  been  estimated 
that  one  hundred  and  twenty  million  gallons  of  paint  are  used  annually 
for  corrosion  prevention.'* 

Corrosion  may  be  defined  in  most  general  terms  as  the  chemical 
reaction  of  a  metal  with  the  non-metallic  constituents  of  its  environ- 
ment. In  this  sense  any  reaction  in  which  a  metal  is  degraded  to 
one  of  its  compounds,  such  as  an  oxide,  hydroxide,  acid  or  salt  is  a 
corrosion  reaction.  The  nature  of  the  reaction  which  occurs  in  any 
given  case  depends  both  upon  the  reactivity  of  the  metal,  its  purity, 
physical  state  and  surface  condition  and  upon  the  character  of  the 
environment,  that  is,  upon  the  chemical  components  present,  their 
physical  phases  and  concentrations.  It  also  depends  upon  the  tem- 
perature. Corrodibility  is  not  wholly  an  inherent  property  of  a  metal 
which  can  be  determined  by  a  single  arbitrarily  chosen  corrosion  test 
of  any  sort;  even  the  relative  order  of  corrodibility  of  a  series  of  metals 
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is  not  constant.^  For  example,  iron,  magnesium  and  zinc  corrode  in 
conductivity  water  exposed  to  the  air  in  the  order  given;  in  sodium 
chloride  solution  the  order  is  magnesium,  zinc  and  iron,  while  finally 
in  strong  alkali  solutions  these  metals  corrode  in  the  order:  zinc,  iron 
and  magnesium. 

It  is  apparent  that  the  occurrence  of  corrosion  depends  upon  both 
the  character  of  the  environment  and  of  the  metal.  While  the  environ- 
ment in  which  a  metal  is  used  is  usually  complex,  it  is  generally  possible 
to  recognize  those  constituents  which  exert  a  controlling  influence  on 
the  course  of  corrosion.  In  the  ordinary  atmosphere  water  vapor  and 
oxygen  are  major  factors  in  the  process.  Other  substances  such  as 
sulfur  dioxide,  chloride  ions  and  dust  also  influence  the  character  of  the 
corrosive  attack.  The  green  patina,  a  basic  sulfate,  which  forms  in 
the  course  of  time  on  copper  exposed  to  the  air  and  which  may  preserve 
the  metal  for  centuries,  owes  its  origin  to  traces  of  sulfur  dioxide  in  the 
atmosphere.^  On  the  other  hand,  the  higher  concentrations  of  sulfur 
dioxide  prevailing  in  the  neighborhood  of  smelters  which  treat  sulfur 
bearing  ores  may  rapidly  corrode  copper  telephone  wires  to  destruction. 
Steel  containing  up  to  0.25  per  cent  copper  is  about  two-fold  more 
resistant  to  corrosion  than  non-copper  bearing  steel  in  most  industrial 
atmospheres;  in  New  York  City,  however,  the  very  small  chloride  ion 
content  of  the  atmosphere,  an  otherwise  typical  industrial  atmosphere, 
largely  destroys  the  corrosion  resistance  conferred  by  the  copper. 
Rainfall  is  an  influential  factor  in  the  corrosion  of  metals  exposed  to 
the  atmosphere.  It  may  increase  corrosion  by  removing  soluble 
corrosion  products  from  the  surface  of  the  metal,  or  it  may  retard 
corrosion  by  washing  away  dust  particles  and  electrolytes,  both  of 
which  promote  corrosive  attack.  For  example,  in  New  York  City  the 
daily  application  of  a  water  spray  increased  the  rate  of  corrosion  of  zinc 
by  30  per  cent  but  decreased  the  rate  of  corrosion  of  difi"erent  ferrous 
materials  from  30  per  cent  to  46  per  cent,  the  amount  of  corrosion 
being  determined  by  loss  of  weight  measurements.  The  corrosion 
products  of  zinc  are  appreciably  more  soluble  than  those  of  iron  and 
presumably  were  largely  removed  by  the  frequent  washing.  On  the 
other  hand,  the  deliquescent  nature  of  the  corrosion  products  of  iron  ^ 
at  humidities  prevailing  a  large  part  of  the  year  provide,  in  contrast 
to  the  relatively  less  deliquescent  corrosion  products  of  zinc,  a  film  of 
moisture  more  or  less  saturated  with  corrosive  electrolytes  and  dust 
particles.  This  film  is  diluted  or  otherwise  removed  by  the  water 
spray. 

Indoor  environments  differ  from  the  outside  atmosphere  mainly  in 
being  drier,  cleaner  and  subject  to  less  pronounced  temperature  varia- 
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tions.  As  a  consequence,  metals  corrode  somewhat  less  rapidly  in- 
doors but  the  character  of  the  attack  generally  resembles  that  shown 
out  of  doors.  Underground  exposures  to  soils  and  waters  are  often 
severe  and  cause  ferrous  structures  to  fail  unless  protective  non- 
metallic  coatings  are  employed.  Considerable  progress  has  been 
made  within  the  past  ten  years  in  determining  the  corrosivity  of  soils 
and  developing  adequate  preservative  coatings." 

The  best  measure  of  the  tendency  of  a  metal  to  corrode  is,  in  thermo- 
dynamical  terms,  the  decrease  in  free  energy  which  accompanies  the 
chemical  reaction  involved  in  the  process,  i.e.,  the  difference  in  energy 
between  the  initial  and  final  state  of  the  system.  This  may  be  ob- 
tained by  simple  calculation  and  is  of  value  in  showing  whether  or  not 
it  is  possible  for  corrosion  to  occur  under  the  conditions  defined. 
There  is  no  assurance  however,  that  reactions  which  are  possible  will 
actually  take  place  within  a  reasonable  time,  if  at  all.  Calculations  ^ 
show  that,  exposed  to  the  atmosphere  containing  moisture,  aluminum, 
zinc,  tin,  iron,  nickel,  copper  and  silver  may  corrode  to  their  respective 
hydroxides.  If,  oxygen  be  excluded  the  last  three  metals  listed  cannot 
corrode  and  iron  only  to  the  lower  state  of  oxidation.  These  calcula- 
tions, however,  give  no  information  as  to  the  rate  of  corrosion  or  the 
mechanism  by  which  it  takes  place,  matters  of  great  practical  im- 
portance. 

The  rate  of  corrosion  or  of  any  other  chemical  reaction  bears  no 
direct  relationship  to  the  energy  changes  involved;  it  cannot  be  pre- 
dicted but  must  be  measured  in  some  form.^"  Obviously  the  rate  of 
corrosion  depends  upon  the  nature  of  the  chemical  reactions  at  the 
surface  of  the  metal.  Generally,  secondary  reactions  are  involved  and 
the  slowest  step  in  the  process  controls  the  rate.  The  limiting  factoi 
is  usually  some  sort  of  barrier,- — a  film  of  gaseous  or  solid  corrosion 
products  at  the  surface. 

The  mechanism  by  which  corrosion  occurs  may  be  one  either  of 
direct  combination  of  the  metal  and  non-metal  or  the  replacement  by 
the  corroding  metal  of  hydrogen  or  another  metal  in  compounds.  The 
oxidation  of  metals,  particularly  at  higher  temperatures,  halogenation 
reactions,  such  as  the  chlorination  of  aluminum,  and  the  reaction  of 
copper  and  sulfur,  are  examples  of  direct  combination.  In  many  of 
the  reactions  which  occur  in  the  atmosphere,  such  as  the  formation  of 
tarnish  films,  the  processes  are  somewhat  obscure.  When  zinc  corrodes 
in  the  ordinary  atmosphere  an  oxide  film  forms  in  the  early  stages 
which  is  pseudomorphic  with  the  metal  ^^  but  which  is  converted 
eventually  into  the  ordinary  granular  form  of  zinc  oxide.  The  rate 
of  corrosion  of  zinc  is  determined  by  the  rate  of  this  conversion 
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process, ^'^  the  granular  oxide  film  having  no  retarding  influence.  This 
is  shown  by  the  linear  relationship  in  Fig.  1  which  compares  the  cor- 
rosion-time curves  for  zinc,  copper,  lead,  and  iron  in  the  atmosphere. 
In  this  case  corrosion  is  expressed  in  terms  of  weight  gain  due  to  the 
accumulation  of  corrosion  products.  It  will  be  observed  that  the  re- 
lationship for  copper  is  a  parabolic  one,  indicating  that  the  process  is 
controlled  by  the  rate  of  difi"usion  of  oxygen  through  the  increasingly 
thicker  oxide  film.  Up  to  a  thickness  of  about  10  A  the  film  is  invisible 
and  when  formed  in  pure  air  is  impervious  to  volatile  sulfur  compounds 


Fig.  1— Corrosion-time  relationships  characteristic  of  certain  metals  exposed  to  the 

atmosphere. 

A  third  type  of  corrosion-time  curve  represented  by  lead  becomes 
parallel  with  the  time  axis  after  the  initial  stages.  Evidently  the  film 
in  this  case  is  impervious  to  the  constituents  of  the  environment. 
The  curve  given  for  iron  indicates  that  the  film  which  forms  in  the 
initial  stages  of  the  exposure  exerts  an  accelerating  influence  upon 
the  subsequent  rate  of  oxidation. 

It  should  be  mentioned  that  this  acceleration  occurs  only  at 
humidities  above  what  has  been  called  the  "critical"  humidity.  By 
this  term  is  meant  the  relative  humidity  corresponding  to  the  vapor 
pressure  of  a  saturated  solution  of  the  corrosion  products,  which  de- 
pends upon  the  composition  and  to  some  extent  the  structure  of  these 
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products.  For  iron  this  is  somewhere  between  40  and  65  per  cent 
relative  humidity,  probably  nearer  the  latter  figure."  The  atmos- 
pheric corrosion  products  of  the  non-ferrous  metals  are  in  general  less 
deliquescent,  i.e.,  have  higher  critical  humidities;  for  nickel  it  appears 
to  be  above  70  per  cent  relative  humidity  and  for  zinc  and  copper 
above  75  per  cent.  It  has  been  suggested  that  the  marked  increase  in 
the  resistance  of  copper  containing  about  0.5  per  cent  arsenic  to  atmos- 
pheric corrosion  is  due  to  the  fact  that  the  presence  of  arsenic  renders 
the  corrosion  product  less  hygroscopic."  The  effect  of  copper  in 
copper  bearing  steel  may  be  of  the  same  nature;  ^^  apparently  the 
inhibiting  action  in  this  case  does  not  lie  in  the  production  of  a  film 
which  is  any  more  resistant  to  attack  initially  than  that  on  ordinary 
steel. ^^  In  dust-free  air,  even  at  high  humidities,  iron  does  not  corrode 
but  forms  an  invisible  protective  film.  Electron  beam  studies  ^^ 
have  indicated  the  structure  of  this  film  to  be  a  form  of  ferric  oxide 
which  has  been  designated  as  a  Fe203  in  contrast  to  the  composition 
of  a  non-protective  form  which  appears  to  be  7  FeOOH. 

The  presence  of  dust  particles  in  the  atmosphere  greatly  increases 
the  rate  of  corrosion  of  iron.  In  this  case,  as  well  as  in  the  accelerated 
attack  which  occurs  above  the  point  of  critical  humidity,  the  process 
involves  the  displacement  of  hydrogen  from  water.  Other  common 
examples  of  this  type  are  the  solution  of  metals  in  acids  or  alkalies, 
the  reaction  of  sodium  with  water,  the  deposition  of  metallic  copper 
from  copper  sulfate  solution  by  metallic  zinc  and  in  general  the 
corrosion  of  metals  in  moist  air,  in  soils  and  in  water.  It  is  well  estab- 
lished that  the  process  of  corrosion  in  these  cases  is  electrolytic  in 
character,  i.e.,  that  corrosion  occurs  by  means  of  the  operation  of  small 
galvanic  cells  at  the  surface  of  the  metal.  The  primary  reactions  of 
these  cells  may  be  and  generally  are  followed  by  important  secondary 
chemical  reactions  of  the  products  of  electrolysis  with  the  constituents 
of  the  environment.  Between  the  anode  and  cathode  areas  there  is  a 
flow  of  current  through  intervening  electrolytic  paths  of  greater  or 
lesser  resistance.  Naturally  the  amount  of  corrosion  is  proportional 
to  the  amount  of  current  flow.^^  It  is  largely  the  distribution  and  size 
of  anode  areas  which  determines  the  character  of  the  corrosive  attack. 
For  a  given  amount  of  metal  dissolution  the  existence  of  relatively  few 
anode  areas  small  in  size  obviously  leads  to  pitting,  while  if  there  are 
numerous  anodes  uniformly  distributed,  corrosion  will  likewise  be 
uniform.  The  distribution  of  anodes  is  determined  by  the  inhomo- 
geneity  of  the  base  metal,  the  character  of  the  films  which  are  formed, 
the  accidental  contact  of  inert  bodies  and  the  conductivity  of  the  sur- 
rounding electrolytic  media. 
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Cathode 

Anode 

Noble  metal 

Base  metal 

Metal  oxide 
Dust 

Metal 
Metal 

Metal  freely  ex- 
posed to  oxygen 

Metal  in  dimin- 
ished oxygen  supply 

Metal  in  concen- 
trated acid,  alkali 
or  salt  solution 

Metal  in  dilute 
acid,  alkali  or  salt 
solution 

Annealed  or 
coarsely  crystalline 
metal 

Same  metal 
strained  or  of  small 
crystal  size 

The  potential  differences  which  are  responsible  for  the  existence  of 
corrosion  cells  arise  either  from  some  chemical  or  physical  inhomo- 
geneity  of  the  metal  or  from  some  inhomogeneity  of  the  environment 
at  the  iTietal  surface.  These  cells  or  galvanic  couples  provide  the 
means  whereby  the  natural  tendency  of  metals  to  corrode  may  express 
itself.  The  nature  of  the  electrodes  composing  some  of  these  elec- 
trolytic cells  is  given  in  the  following  table : 

Example  of  Cell 
Two-phase    alloys,    metal    containing 
metallic  impurities,  two  metals  in  con- 
tact or  metal  with  porous  metal  coat- 
ing. 

Iron  with  porous  oxide  scale. 
Iron  with  carbonaceous  dust  particles 
on  surface. 

Exclusion  of  air  at  point  of  contact  of 
metal  and  inert  material  or  decreased 
oxygen  concentration  at  bottom  of  pits 
on  surface  of  metal. 

Metal  in  contact  with  solution  of  two 
different  concentrations  or  two  differ- 
ent solutions. 

Metal  which  has  been  subject  to  non- 
uniform heat  treatment  or  cold  work- 
ing. 

It  will  be  observed  that  there  are  ample  possibilities  for  a  metal  of  even 
high  purity  to  corrode.  The  existence  of  more  than  one  metallic 
phase  in  metals  in  industrial  use  often  does  not  have  a  significant 
bearing  upon  their  corrosion  behavior.  For  example,  studies  con- 
ducted by  these  Laboratories  have  shown  that  high  purity  lead,  lead 
hardened  with  1  per  cent  antimony,  3  per  cent  tin  or  0.03  per  cent 
calcium,  when  used  as  cable  sheathing  show  approximately  the  same 
resistance  to  corrosion.  While  one  of  these  materials  may  be  some- 
what more  corrodible  than  others  in  a  given  natural  environment, 
the  reverse  will  be  true  for  another  set  of  conditions.  The  environment 
is  of  far  greater  importance  than  the  composition  of  the  sheathing  and 
consequently  the  control  or  avoidance  of  corrosion  is  attained  by 
maintaining  the  cable  plant  in  non-corrosive  surroundings. 

Of  the  types  of  corrosion  cells  listed  above,  those  due  to  concentration 
differences  in  the  surrounding  medium  are  among  the  most  prevalent. 
Differential  aeration  is  one  of  the  most  common  causes  of  corrosion. 
Lead  is  corroded  beneath  the  point  of  contact  with  a  large  grain  of 
sand  when  in  an  atmosphere  containing  oxygen  and  water  vapor.^^ 
The  point  of  contact  is  less  accessible  to  oxygen  than  surrounding 
parts.  The  potential  of  this  cell  is  somewhat  less  than  0.1  volt,  the 
value  determined  in  these  Laboratories  for  the  difference  between  the 
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potentials  of  lead  in  identical  solutions  exposed  respectively  to  oxygen 
and  to  an  inert  gas,  nitrogen.  An  even  more  striking  example  of  the 
operation  of  oxygen  concentration  cells  is  observed  when  glass  beads 
are  in  contact  with  a  lead  surface  wet  by  a  film  of  sodium  chloride 
solution  exposed  to  the  air.^"  After  a  period  of  a  few  months  a  ring 
of  bright  red  corrosion  product  forms  around  an  anodic  pit  located 
directly  beneath  each  bead.  This  red  corrosion  product,  a  red 
tetragonal  form  of  litharge,  is  characteristic  of  an  alkaline  attack. 
Apparently  sufficient  caustic  soda  to  cause  corrosion  (a  solution  of 
pH  12  approximately)  was  produced  by  the  differential  aeration  cell 
resulting  from  the  contact  of  the  bead  with  lead. 

The  foregoing  paragraphs  have  described  some  of  the  complexities 
encountered  in  corrosion  processes.  In  view  of  these  complexities  it 
has  been  one  object  of  these  Laboratories  for  some  years  to  advance 
the  development  of  a  generalized  theory  of  corrosion  applicable  to  all 
cases  of  corrosion  of  the  replacement  type,  since  it  is  this  type  of 
process  which  prevails  in  atmospheric,  soil  and  w^ater  exposures. 
Direct  combination  of  metals  with  non-metallic  elements  is  limited 
largely  to  somewhat  extreme  conditions  such  as  those  of  industrial 
processing.  Attention  will  now  be  directed  to  the  general  theory  of 
corrosion  in  its  present  state  of  development. 

The  fundamental  reactions  of  corrosion  processes  of  the  replacement 
type  as  represented  by  the  operation  of  corrosion  cells  are  as  follows: 

At  the  anode:  M  ^  M+ ;  2(0H)'^'  O  +  H2O. 

That  is,  the  metal  sends  ions  into  the  solution  or  there  are  plated  out 
non-metallic  elements  such  as  oxygen.  Either  process  is  accompanied 
by  a  loss  of  electrons.  If  corrosion  is  induced  by  an  externally  applied 
potential,  as  for  example  when  stray  electrical  currents  flow  from 
underground  metallic  structures  to  earth,  oxygen  atoms  may  leave 
the  surface  in  the  form  of  molecular  oxygen. 

At  the  cathode:  M+  -^M\  H+  A  H  ;  2H  ->  H2  gas. 

This  process  consists  in  plating  out  either  metal  or  hydrogen  atoms. 
In  the  latter  case  atomic  hydrogen  either  leaves  the  metal  surface  as 
hydrogen  molecules  or  acts  as  a  reducing  agent,  being  in  turn  oxidized. 
The  electrode  reactions  may  be  combined  in  equations  as  follow^s: 

1.  Solution  of  the  metal:  M  +  H+  -^  M+  +  H. 

2.  Removal  of  hydrogen:  (a)  2H  — >  Ho, 

{b)   2H  +  O  ->  H2O. 
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The  corrosion  reaction  represented  by  the  first  reaction  automatically 
stops  when  the  metal  surface  becomes  covered  with  hydrogen  atoms 
and  can  only  proceed  when  and  as  hydrogen  is  removed  by  one  of  the 
processes  above  given.  Some  metals  evolve  molecular  hydrogen  if  the 
potential  of  the  corrosion  cell  is  slightly  over  that  required  to  plate  out 
hydrogen  atoms.  In  the  greater  number  of  cases,  however,  molecular 
hydrogen  is  not  liberated  rapidly,  i.e.,  as  bubbles,  unless  the  potential 
is  substantially  higher  than  that  required  to  plate  out  the  atomic  form. 
The  additional  potential  required  to  evolve  molecular  hydrogen 
against  the  normal  atmospheric  pressure  is  termed  "overvoltage." 
In  the  case  of  metals  of  high  hydrogen  overvoltage,  oxygen  or  oxidizing 
substances  are  required  to  facilitate  the  removal  of  the  hydrogen  film 
if  corrosion  is  to  proceed  at  an  appreciable  rate.  Consequently  cor- 
rosion may  be  controlled  by  the  rate  at  which  oxygen  reaches  the  metal 
surface  and  "depolarizes"  it.  In  many  cases  both  processes  are 
operative.  For  example,  when  iron  is  corroded  in  dilute  potassium 
chloride  solutions  it  is  interesting  to  note  that  under  a  pressure  of 
one  atmosphere  of  oxygen  1/13  of  the  total  corrosion  is  accompanied 
by  the  discharge  of  hydrogen  gas  and  12/13  by  the  oxidation  of 
hydrogen  to  form  water.  When  the  oxygen  pressure  on  the  system  is 
raised  to  25  atmospheres  by  conducting  the  experiment  in  a  closed 
bomb  the  total  rate  of  corrosion  is  increased  45-fold  owing  to  the  in- 
creased rate  of  hydrogen  oxidation,  the  rate  of  hydrogen  evolution 
being  practically  unaffected.  In  practical  cases,  as  would  be  expected, 
either  the  character  of  the  corroding  medium  or  the  purity  of  the  metal 
may  affect  this  ratio  of  hydrogen  control  to  oxygen  control.  In  tests 
in  which  iron  specimens  were  totally  immersed  in  sea  water  exposed 
to  oxygen,  about  35  per  cent  of  the  total  corrosion  was  accompanied 
by  hydrogen  evolution,  whereas  for  similar  specimens  in  a  half- 
normal  solution  of  pure  sodium  chloride  (which  corresponds  roughly 
to  the  salt  content  of  sea  water)  only  5.6  per  cent  of  the  corrosion  was 
of  the  hydrogen  evolution  type.'^^  The  presence  of  one  part  per 
million  of  impurity  in  zinc  considerably  accelerates  the  rate  of  corro- 
sion 2^  mainly  by  stimulation  of  hydrogen  evolution. 

The  intensity  with  which  a  metal  tends  to  send  metal  ions  into 
solution  increases  with  the  basic  character  of  the  metal.  The  presence 
of  ions  of  the  metal  in  the  solution  may  be  considered  to  constitute  a 
force  opposing  this  ionization  tendency  and  the  value  of  the  resulting 
equilibrium  is  known  as  the  potential  of  the  metal  in  that  solution. 
The  value  is  constant  or  static  only  so  long  as  there  is  no  flow  of 
current  between  the  metal  and  solution.  The  molal  potentials  and 
normal  potential  of  metals  are  their  static  potential  in  solutions  of 


THE    CORROSION  OF  METALS  29 

their  salts  in  which  the  metal  ion  concentrations  are  molal  and  normal 
respectively.  A  table  of  the  values  of  such  potentials  constitutes  the 
so-called  E.M.F.  series.  This  comparison  of  metals  is  of  little  value  in 
predicting  either  the  driving  force  or  the  rate  of  operation  of  practical 
corrosion  cells,  the  electrodes  and  ionic  concentrations  of  which  bear 
little  correspondence  to  those  defined  in  the  E.M.F.  series.  Moreover, 
the  practical  case  is  complicated  in  many  instances  by  the  gas  electrode 
behavior  of  the  metal  and  by  the  flow  of  current  during  the  corrosion 
process.  For  example,  the  potentials  of  many  metals  when  measured 
in  the  atmosphere  are  much  more  noble  or  cathodic  than  might  be 
expected  from  a  knowledge  of  the  E.M.F.  series.  This  is  due  to  the 
fact  that  in  the  presence  of  moisture  and  oxygen,  metals  may  function 
wholly  or  in  part  as  oxygen  electrodes.  The  exact  values  of  these 
electrodes  depend  upon  the  concentrations  of  oxygen  present,  and 
upon  the  acidity  of  the  solution.  This  explains  the  origin  of  the 
potential  difference  of  the  differential  aeration  cells  to  which  reference 
has  been  made  previously. 

If  the  corrodibility  of  copper  in  the  presence  of  moisture  were  judged 
solely  from  the  position  of  the  metal  in  the  E.M.F.  series  no  attack 
would  be  expected,  since  in  this  series  copper  is  more  noble  than 
hydrogen,  the  element  which  must  be  displaced  in  the  corrosion  process. 
As  a  matter  of  fact  copper  does  not  corrode  even  in  hydrochloric  or 
sulfuric  acids  in  the  absence  of  available  oxygen.  It  is  readily  corrodible, 
however,  in  nitric  acid  because  in  effect  under  these  circumstances  the 
position  of  the  hydrogen  electrode  is  rendered  cathodic  to  copper 
(i.e.,  more  noble  than  copper)  owing  to  the  depolarizing  influence  of 
oxygen.  It  is  probably  for  this  same  reason  that  oxygen  markedly 
accelerates  the  corrosion  of  monel  metal  in  3  per  cent  sulfuric  acid.^^ 

The  change  in  electrode  potential  with  current  flow,  polarization, 
may  be  illustrated  in  a  simple  experiment  as  follows:  If  the  zinc  coating 
is  removed  from  a  portion  of  the  surface  of  a  strip  of  galvanized  iron, 
exposing  thereby  the  underlying  iron  surface,  one  has  what  amounts 
to  a  simple  galvanic  zinc-iron  couple.  If  this  couple  is  completely 
immersed  in  a  dilute  salt  solution  and  potential  measurements  are 
made  at  different  points  on  the  iron  and  zinc  surfaces  by  means  of  a 
calomel  half-cell,  it  will  be  observed  that  the  potentials  of  iron  and  zinc 
at  some  distance  from  the  iron-zinc  interface  are  approximately  those 
values  obtained  for  these  metals  separately  in  the  same  electrolyte; 
while,  on  the  other  hand,  the  value  of  the  iron  potential  near  the  inter- 
face has  become  more  anodic  and  the  potential  of  zinc  near  the  interface 
has  moved  in  the  cathodic  direction,  i.e.,  the  difference  in  potential 
between  iron  and  zinc  near  the  interface  of  the  two  metals  is  appreci- 
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ably  less  than  when  taken  at  points  more  widely  separated.  Figure  2 
gives  a  schematic  representation  of  this  experiment.  The  change  in 
potential  is  the  result  of  current  fiow  through  the  electrolyte  from  zinc 
to  iron.  The  current  densities  are  highest  in  the  region  of  the  interface, 
the  metal  ion  concentration  becoming  increased  at  the  anode  area  and 
decreased  at  the  cathode  area,  producing  thereby  anodic  and  cathodic 
polarization,  respectively. 

This  polarization  behavior  of  corrosion  cells  largely  determines  the 
rate  of  corrosion.  It  is  obvious  that  the  effective  potentials  of  corro- 
sion cells  may  be  reduced  by  polarization  to  zero,  in  which  case  the 
rate  of  corrosion  is  limited  to  that  required  to  maintain  this  polariza- 
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Fig.  2 — Illustration  of  galvanic  polarization. 


tion.  In  other  words,  the  progress  of  corrosion  may  be  controlled  by 
the  extent  either  of  anode  polarization  or  cathode  polarization  or  both, 
that  is,  either  one  may  determine  the  final  result.  Figure  3  represents 
the  variety  of  current  density-potential  relationships  which  may  exist 
in  corrosion  cells.  In  Cell  1,  in  which  there  is  no  appreciable  polariza- 
tion of  either  anodic  or  cathodic  areas  (as  indicated  by  the  small 
change  of  potential  with  current),  corrosion  current  flow  is  limited  by 
the  resistance  of  the  electrolytic  paths  between  anodes  and  cathodes 
and  since  this  may  be  small  if  these  areas  are  contiguous  the  corrosion 
rate  may  be  high.  In  Cell  2  the  anode  is  highly  polarized  as  repre- 
sented by  the  solid  line  or  progressively  less  polarized  as  the  point  of 
intersection  with  the  non-polarized  cathode  occurs  at  higher  and 
higher  current  densities  as  represented  by  the  dotted  lines.     In  a 
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similar  way  Cell  3  shows  cathode  polarization  only  and  Cell  4  both 
anode  and  cathode  polarization.  Since  the  rate  of  corrosion  is  pro- 
portional to  the  flow  of  current  per  unit  area  it  is  obviously  limited  in 
the  last  three  cases  by  the  values  of  current  density  at  which  the 
polarization  curves  intersect.  In  the  presence  of  adequate  oxygen  or 
in  cases  where  hydrogen  is  readily  discharged  corrosion  cells  are  likely 
to  resemble  Cell  1.  Where  this  is  not  the  case,  as  in  the  absence  of 
oxygen  or  where  the  cathodes  have  high  values  for  hydrogen  over- 
voltage,  the  result  will  be  as  shown  for  the  cathodically  polarized  Cell  3. 
The  presence  of  an  inhibitor  such  as  a  positively  charged  colloid  or 
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Fig.  3 — Types  of  polarization  in  corrosion  cells. 

the  amalgamation  of  the  metal  surface  with  mercury  are  other  con- 
ditions which  promote  cathode  polarization.  On  the  other  hand,  the 
action  of  passivating  agents  such  as  chromates,  silicates  and  in  some 
cases  sulfates,  carbonates,  etc.,  is  to  produce  anodic  polarization  as  in 
Cell  2.  It  will  be  observed  that  whereas  in  the  presence  of  inhibitors 
of  the  type  mentioned  above  which  polarize  the  cathode  the  resulting 
potential  of  the  corrosion  cells  and  therefore  of  the  metal  specimen  as  a 
whole  should  move  in  the  anodic  direction  as  the  process  of  inhibition 
takes  place,  in  the  case  of  passivating  agents  (which  influence  anode 
processes)  the  effect  of  increasing  passivation  is  a  trend  of  potential 
in  the  cathodic  or  noble  direction.  In  both  cases  corrosion  is  retarded 
or  prevented  entirely. 
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The  manner  in  which  the  conductance  of  the  surrounding  electrolyte 
influences  the  rate  of  corrosion  is  illustrated  in  Fig.  4A  in  which  the 
upper  curve  represents  the  cathodic  and  the  lower  the  anodic  polariza- 
tion. Assuming  equal  anodic  and  cathodic  areas  the  corroding  current 
density  for  the  lower  conducting  solution  is  represented  by  "M"  and 
that  for  the  higher  conducting  solution  by  "N."  In  the  actual  case 
where  anodes  and  cathodes  are  in  close  juxtaposition,  the  internal 
resistance  is  low  and  consequently  the  corroding  current  density 
approaches  that  represented  by  the  intersection  of  the  polarization 
curves. 
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-Effect  of  conductance  and  of  electrode  area  on  corrosion  current  densities. 
M  ■=  Lower  conducting  solutions. 
N  =  Higher  conducting  solutions. 

L    =  Corrosion  current  density  for  cells  of  equal  cathode  and  anode  areas. 
K  =  Corrosion  current  density  when  ratio  anode  area  to  cathode  is  small. 

Thus  far  consideration  has  been  confined  for  the  sake  of  simplicity 
to  corrosion  cells  in  which  the  anodic  and  cathodic  areas  are  equal. 
Usually  in  actual  experience  this  is  not  the  case.  In  corrosion  charac- 
terized by  pitting,  the  anodic  area  is  generally  small  compared  to  the 
cathodic  areas.  This  situation  is  illustrated  in  Fig.  4B  in  which  it 
will  be  seen  that  under  these  conditions  a  high  corroding  current 
density  corresponding  to  a  rapid  rate  of  attack  may  occur.  Con- 
versely, in  cases  where  the  ratio  of  anode  areas  to  cathode  area  is 
large,  the  rate  of  attack  will  be  small,  being  thus  controlled  by  cathodic 
polarization.  In  this  connection  it  may  be  of  interest  to  consider  the 
effect  of  impurities  upon  rate  of  corrosion.  If  the  contaminating 
metal  is  anodic  and  exists  as  a  separate  phase  it  will  tend  to  dissolve 
with  the  formation  of  small  pits  which  having  once  formed  may  possibly 
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continue  to  function  as  the  anodes  of  oxygen  concentration  cells. 
If,  on  the  other  hand,  the  metallic  impurity  is  cathodic  and  present  as 
a  separate  phase,  corrosion  will  be  rather  more  uniform  in  character 
and  its  rate  will  be  controlled  in  the  absence  of  oxygen  by  the  ability 
of  the  impurity  to  discharge  hydrogen.  Unless  its  overvoltage  is 
low,  that  is,  unless  it  discharges  hydrogen  readily,  the  rate  of  corrosion 
will  be  slow,  the  corrosion  cells  being  polarized  cathodically.  The 
presence  of  oxygen  or  oxidizing  agents  under  these  conditions  will 
depolarize  these  cathodic  areas  and  accelerate  corrosion. 

From  the  foregoing  it  is  apparent  that  a  knowledge  of  the  anodic 
and  cathodic  current  density  potential  relationships  which  are  estab- 
lished on  the  surface  of  a  metal  in  a  given  environment  would  make 
possible  an  understanding  of  the  processes  which  are  taking  place 
and  lead  to  a  prediction  of  corrosion  behavior.  It  is  generally  im- 
possible to  measure  these  quantities  as  they  relate  to  individual 
corrosion  cells  owing  to  a  lack  of  knowledge  of  the  electrode  areas 
involved.  Probably  these  comprise  a  wide  range  of  sizes  and  change 
in  size  with  the  progress  of  corrosion.  Sometimes  the  nature  of  the 
cathodes  is  also  uncertain.  Practically,  however,  it  is  a  simple  matter 
to  determine  a  composite  of  the  resultant  potentials  and  their  change 
with  time.  These  time-potential  measurements  indicate  whether  the 
process  is  anodically  or  cathodically  controlled  and  in  some  cases 
furnish  information  as  to  the  rate  at  which  it  is  proceeding,  experi- 
mental facts  which  are  of  value  in  predicting  corrodibility.  A  record- 
ing potentiometer  is  of  considerable  assistance  in  this  connection. 

Figure  5  illustrates  schematically  the  correlation  between  these 
time-potential  relationships  and  the  anodic  and  cathodic  polarizations 
which  determine  their  positions.  It  will  be  seen  that  the  potential 
of  iron  in  a  solution  of  potassium  sulfate  (represented  by  the  lower 
solid  curve)  is  mainly  determined  by  the  anodic  potential  of  iron  in  the 
solution,  the  cathodic  areas  being  polarized.  When  potassium  chro- 
mate  is  added  to  the  solution  the  resultant  potential  of  iron  is  shifted 
markedly  in  the  cathodic  direction,  the  position  being  determined  by 
anodic  polarization.  The  actual  values  of  the  potential  of  iron  in  these 
cases  are  of  the  same  order  as  that  of  iron  alloyed  and  rendered 
passive  by  the  addition  of  chromium  and  nickel  .^^ 

In  a  solution  containing  hydrogen  peroxide,  iron  is  passive  even  in 
the  acid  range  as  shown  in  Fig.  6.  The  abrupt  cathodic  shift  in  the 
potential  of  iron  in  the  region  of  pH  6.5-6.8  also  shown  in  Fig.  6  is 
due  evidently  to  a  film  which  affects  both  anodic  and  cathodic  areas 
and  which  judged  from  this  position  would  be  expected  to  be  less 
protective  than  the  more  pronouncedly  passive  films  (indicated  by 


34  BELL   SYSTEM   TECHNICAL   JOURNAL 

their  cathodic  positions)  produced  by  hydrogen  peroxide  and  chromate 
ions.  A  trend  of  potential  in  the  anodic  direction  with  time,  while  it 
may  suggest  the  breakdown  of  a  passive  film,  does  not  necessarily 
indicate  the  onset  of  a  corrosive  attack,  for  should  there  also  be  present 
substances  such  as  positively  charged  colloids  or  other  products  ^^ 
which  tend  to  raise  and  maintain  hydrogen  polarization  at  the  cathodic 
areas,  the  metal  may  suffer  little  or  no  attack. 

Whether  the  films  which  form  in  corrosion  processes  are  protective 
in  character  depends  to  a  considerable  extent  upon  their  position  or 
location  with  reference  to  the  surface  of  the  metal  and  this  in  turn 


TIME    (solid   curves) 
CURRENT    DENSITY    (DOTTED  CURVES) 

Fig.  5 — Time-potential  relationshi])  of  iron  in  K2SO4  as  affected  by  addition  of  K2Cr04. 

depends  upon  the  solubility  of  the  corrosion  products  in  the  medium 
adjacent  to  the  surface.  When  iron  corrodes  in  the  presence  of 
moisture,  ferrous  ions  are  produced  at  anodic  areas  and  hydroxyl  ions 
at  cathodic  areas,  the  process  continuing  until  the  solubility  limit  of 
ferrous  hydroxide  is  attained,  whereupon  this  compound  begins  to  be 
precipitated  as  a  gelatinous  film  over  the  surface  of  the  metal.  In- 
creasing the  alkalinity  of  the  environment  naturally  represses  the 
solubility  of  this  compound,  precipitating  it  with  less  solution  of  iron. 
In  the  absence  of  oxygen  the  ferrous  hydroxide  film  tends  to  inhibit 
corrosion  by  maintaining  hydrogen  polarization.  When,  on  the  other 
hand,  oxygen  is  accessible  to  the  system,  ferrous  ions  are  oxidized 
with  the  result  that  ferric  hydroxide  being  less  soluble  than  ferrous 
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-Effect  of  acidity  and  of  hydrogen  peroxide  on  the  equilibrium  potential  of  iron 
in  buffer  solutions  of  varying  acidity. 

1.  Potential  of  iron  in  tenth  normal  solutions  of  sodium  acetate-acetic  acid  solutions. 

2.  Potential  of  iron  in  tenth  normal  solutions  of  sodium  acetate-acetic  acid  solutions 

-|-  0.6  per  cent  hydrogen  peroxide. 

hydroxide  is  precipitated  and  forms  a  more  or  less  porous  rust  film  at 
an  appreciable  distance  from  the  metal  surface.  Owing  to  the  mildly 
amphoteric  nature  of  iron  there  may  exist,  especially  under  alkaline 
conditions  or  higher  temperatures  a  considerable  concentration  of 
ferrite  (Fe02')  ions  which,  upon  reacting  with  ferrous  ions,  may 
precipitate  ferrous  ferrite  (Fe304)  or  black  magnetic  oxide  of  iron 
which,  also  being  precipitated  in  a  somewhat  granular  form  at  some 
distance  from  the  surface  of  the  metal,  is  non-protective.  In  contrast 
to  these  examples  is  the  highly  protective  film  of  silicate  which  pre- 
sumably forms  upon  lead  and  lead  rich  alloys  when  immersed  in  water 
or  soil  solutions  containing  as  little  as  ten  parts  per  million  of  silicate. 
As  is  well  known,  distilled  water  is  corrosive  to  these  metallic  materials. 
Were  it  not  for  this  fortunate  effect  of  silicates  upon  lead  it  is  doubtful 
that  it  or  its  alloys  could  be  used  for  cable  sheathing  in  the  present 
type  of  underground  construction  which  permits  exposure  to  soil  and 
surface  waters  at  times. 
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Studies  have  shown  that  the  points  of  failure  of  air-formed  films 
on  iron  and  steel  surfaces  indicated  by  the  initial  appearance  of  anodic 
or  rust  spots  depends  upon  the  previous  history  of  the  specimen  and 
upon  the  medium  in  which  the  test  is  conducted.^''  For  example,  an 
increase  in  time  of  pre-exposure  to  oxygen  or  exposure  to  higher  tem- 
peratures decreases  the  number  of  initial  anodes,  while  increasing  the 
chloride  content  of  the  medium  or  the  presence  of  sulfide  on  the  metal 
surface  ^^  increases  them.  Whether  corrosion  continues  at  the  points 
of  initial  attack  often  depends  upon  the  self-healing  ability  of  the  film, 
that  is,  upon  plugging  the  fissures  or  pores  in  the  film  with  corrosion 
products. 

Various  methods  have  been  considered  for  the  determination  of  the 
quality  of  protective  films.  In  the  case  of  aluminum  and  its  alloys 
the  amount  of  leakage  current  which  may  pass  through  anodically 
formed  films  throws  some  light  upon  resistance  to  corrosion.  Another 
promising  method  applied  to  iron  steel  and  alloy  steels  has  been  to 
determine  by  potential  measurement  the  amount  of  chloride  required 
to  destroy  passive  films  formed  in  water  or  chromate  solutions.^^ 

The  rate  of  film  formation  is  in  a  sense  a  measure  of  the  activity  of 
a  metal  surface,  that  is,  a  measure  of  the  rate  at  which  a  metal  might 
corrode  in  a  homogeneous  environment  in  the  absence  of  film  forming 
constituents.     For  example,  it  will  be  seen  in  Fig.  7  that  the  potential 
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of  lead  in  tenth  normal  sulfuric  acid  breaks  rather  abruptly  after 
about  500  minutes  to  the  potential  of  a  gas  electrode.  Apparently 
the  anodic  areas  become  progressively  covered  with  a  film  or  sulfate 
until  substantially  the  entire  surface  is  passive.  Upon  the  introduc- 
tion of  a  drop  of  thousandth  normal  copper  sulfate,  the  sulfation  of  a 
similar  lead  specimen  is  consumated  in  about  200  minutes  at  the  end 
of  which  time  the  potential  breaks  to  that  of  the  cathodic  areas  of 
copper  which  have  been  formed  by  replacement  deposition.  A  still 
higher  concentration  of  copper  brings  about  sulfation  still  more  rapidly 
and  when  the  solution  is  contaminated  with  platinum  a  break  to  the 
potential  of  platinum  occurs  after  a  still  shorter  period.  In  the  same 
manner,  the  relative  corrodibilities  of  leads  of  various  purities  and 
certain  lead  alloys  ^^  has  been  compared. 

The  foregoing  discussion  of  the  application  of  electrochemical 
methods  to  corrosion  investigations  outlines  techniques  by  means  of 
which  it  is  possible  to  get  information  of  the  following  kind.  By  the 
position  of  the  potential  of  a  metal  against  its  environment  and  the 
trend  of  this  potential  with  time  it  is  possible  to  determine  whether  the 
corrosion  process  is  controlled  by  reactions  occurring  at  the  anodic 
areas,  the  cathodic  areas  or  both,  that  is,  whether  there  is  a  tendency 
toward  passivity,  inhibition  or  progressive  attack.  Measurements  of 
film  stability  whether  in  terms  of  the  leakage  current  which  may  be 
passed  through  the  film,  or  in  terms  of  the  amount  of  film-forming 
material  (such  as  chromates)  required  to  produce  passivity  or  the 
amount  of  film  destroying  material  (chlorides)  required  to  render  the 
metal  active,  furnish  information  as  to  the  quality  of  corrosion  resistant 
films.  Finally  measurements  of  the  rate  at  which  a  film  forms  on  a 
metal  when  placed  in  a  film-forming  environment  also  throws  light 
upon  the  relative  surface  reactivity  of  the  metal.  Such  information 
is  of  assistance  in  determining  the  rates  of  corrosion  in  homogeneous 
corrosive  environments  or  the  rate  of  passivation  in  film-forming 
environments.  It  is  evident  in  all  of  these  cases  that  the  interpretation 
of  the  experimental  data  which  are  obtained  and  the  application  of 
the  findings  to  practical  corrosion  problems  is  considerably  facilitated 
by  a  chemical  knowledge  of  the  environments  in  which  metals  are 
used  as  well  as  the  composition  and  physical  state  or  structure  of  the 
metallic  material.  With  such  measurements  and  such  knowledge  it 
is  possible  to  predict  corrosion  behavior  and  to  obtain  an  understanding 
of  corrosion  problems  usually  not  possible  by  ordinary  empirical 
corrosion  tests. 

To  summarize,  the  process  of  corrosion  may  be  one  of  direct  com- 
bination of  a  metal  and  a  non-metal  or  it  may  be  one  in  which  hydrogen 
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or  another  metal  is  displaced  from  the  medium  at  the  surface  of  the 
metal.  In  either  case  reaction  products  appear  and  usually  exert  a 
controlling  influence  upon  the  progress  of  attack.  In  the  replacement 
type  of  corrosion  process,  in  which  the  attack  occurs  by  means  of  the 
operation  of  small  galvanic  couples  at  the  surface  of  the  metal,  it  is 
possible  to  consider  separately  those  influences  which  affect  anode 
behavior  and  those  involved  in  cathode  behavior.  The  course  of 
corrosion  or  resistance  to  corrosion  may  be  explained  in  terms  of  the 
anode  or  cathode  control  of  the  process.  It  is  apparent  then  that  a 
knowledge  of  both  the  composition  and  condition  of  a  metal  surface 
and  of  the  surrounding  environment  is  requisite  to  an  understanding 
of  corrosion  problems. 
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Magnetic  Measurements  at  Low  Flux  Densities 
Using  the  Alternating  Current  Bridge 

By  VICTOR  E.  LEGG 

A  resume  is  given  of  the  basic  relations  between  the  magnetic  character- 
istics of  the  core  of  a  coil  and  the  inductance  and  resistance  of  the  coil  as 
measured  on  an  alternating  current  bridge.  Modifications  of  the  simple 
relations  to  take  account  of  the  interactions  of  eddy  currents  and  hysteresis 
in  the  core  material  are  developed,  and  are  seen  to  reciuire  a  more  com- 
plicated interpretation  of  the  data  in  order  to  obtain  an  accurate  separation 
of  the  eddy  current,  hysteresis,  and  "residual "  losses.  Means  are  described 
of  minimizing  or  eliminating  the  disturbing  effects  of  distributed  capaci- 
tance, leakance  and  eddy  current  loss  in  the  coil  windings.  Essential  details 
of  the  alternating  current  bridge  and  associated  apparatus,  and  of  the  core 
structure,  are  given. 

THE  modern  alternating  current  bridge,  with  its  high  precision 
and  sensitive  balance,  has  almost  completely  superseded  the 
ballistic  galvanometer  for  determining  the  magnetic  properties  of  core 
materials  at  the  low  flux  densities  employed  in  telephone  and  radio 
apparatus.  The  suitability  of  the  alternating  current  bridge  for  this 
purpose  has  been  recognized  for  some  time,*  but  the  continued  im- 
provements in  magnetic  materials,  and  the  more  exacting  requirements 
of  modern  communication  apparatus,  have  necessitated  refinements  in 
apparatus,  in  technique,  and  in  interpretation  of  measurements.  This 
paper  considers  the  modified  technique  required  to  take  account  of 
eddy  current  shielding  and  hysteresis  in  the  magnetic  core,  distributed 
capacitance  and  leakance  in  the  coil  winding,  and  the  necessary  details 
of  the  bridge  and  associated  apparatus  to  realize  the  desired  accuracy 
of  measurements. 

Fundamentally,  the  a-c.  method  involves  measurements  of  the 
inductance  and  effective  resistance  of  a  winding  on  the  test  specimen, 
such  measurements  being  made  at  several  frequencies,  and  at  several 
values  of  current.^  From  these  measurements  the  magnetic  properties 
of  the  test  core  can  be  computed  for  the  low  flux  density  range.  The 
details  of  such  calculations  will  be  given  below,  beginning  with  approxi- 
mate methods,  and  proceeding  to  successively  more  accurate  compu- 
tations. 

^M.Wien,  Ann.  d.Physik  [3]  66,  S59  {189S). 

^  The  annular  form  of  magnetic  core,  wound  with  a  uniformly  distributed  test 
winding  will  here  be  treated,  but  the  results  will  be  found  to  be  readily  transferable 
to  other  forms  of  core. 
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Simple  Analysis  of  Inductance;  Hysteresis  Neglected 

The  magnetizing  force  in  a  thin  annular  core  of  mean  diameter  d 
(cm.)  due  to  current  i  (ampere)  flowing  in  a  uniform  winding  of  N 
turns  is 

H  —  -—i —  oersted.  (1) 

In  a  core  of  appreciable  radial  thickness,  the  effective  magnetic 
diameter  rather  than  the  arithmetical  mean  diameter  must  be  used 
in  this  and  following  equations,  as  will  be  explained  in  eq.  (61). 

When  the  bridge  is  balanced  with  sinusoidal  current  of  peak  value 
im,  the  peak  inductive  voltage  drop  across  the  standard  coil,  livfLim, 
must  equal  that  across  the  test  coil  lirfN^m  X  10~^,  where  $„  is  the 
peak  magnetic  flux  in  the  coil.^     Whence,  for  an  annular  coil, 

L  =  ^^^  X  10-9  henry.  (2) 

The  flux  within  an  annular  coil  is  composed  of  that  in  the  core  and 
that  in  the  air  space.  The  expression  for  inductance  can  therefore 
be  separated  into  two  terms,  giving 

L  =  -^  (Mm^  +  Aa)  X  10-9  henry,  (3) 

where  A  and  A  a  are  the  cross-sectional  areas  of  the  core  and  residual 
air  space,  respectively,  and  Hm  is  the  magnetic  permeability  of  the  core, 
now  assumed  to  be  constant  throughout  the  cycle. 
The  inductance  due  to  the  core  alone  is  then 

Lm^  L-  La'  =  "^^^^  X  10-9,     where     L/  =  ^^^  X  lO'^.     (4) 
a  a 

The  permeability  of  the  core  material  can  be  obtained  from  this 
inductance  as 

"-  =  4^  X  10».  (5) 

The  peak  flux  density  in  the  core  is  derived  from  eqs.  (5)  and  (1)  as 

Bm  =  iXmHm  =    j^2    ^  ^^^  gauss,  (6) 

where  I  is  the  r.m.s.  current  in  the  winding. 

'  A  list  of  most  frequently  used  symbols  will  be  found  in  the  appendix. 
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Simple  Analysis  of  Eddy  Current  Resistance 

Again,  at  bridge  balance,  the  resistance  of  the  standard  is  equated 
to  the  resistance  of  the  test  coil,  which  is  composed  of  the  copper 
resistance  Re  and  a  resistance  which  corresponds  to  the  a-c.  power  P 
dissipated  in  the  core.     Thus 

R  =  Rc  +  PIP.  (7) 

Power  is  dissipated  in  the  core  through  eddy  currents  and  magnetic 
hysteresis.  Although  both  types  of  magnetic  loss  occur  simultane- 
ously, they  will  first  be  considered  as  if  occurring  alone,  after  which 
the  details  of  separating  and  identifying  the  two  types  will  be  discussed. 
The  resistance  due  to  eddy  current  power  loss  depends  upon  the 
form  of  the  magnetic  core — whether  of  laminations,  wire,  or  powder — 
upon  the  frequency,  upon  the  permeability  of  the  magnetic  material, 
and  upon  the  hysteresis  loss,  since  this  modifies  the  permeability.  It 
is  determined  with  sufficient  accuracy  for  many  practical  purposes  by 
calculating  the  eddy  current  power  loss  in  a  volume  element  consisting 
of  a  thin  tube  so  drawn  that  neither  magnetic  flux  nor  eddy  currents 
cross  its  surfaces,  when  the  flux  it  encloses  varies  sinusoidally,  and 
then  integrating  between  proper  limits  to  include  the  entire  cross- 
section  of  the  lamination.  By  this  method  ^  it  can  be  shown  that  the 
power  consumption  per  unit  volume  of  sheet  core  material  is 

_2/2f2R     2 

p^^-KtjJ3^  X  10-7  watt,  (8) 

op 

where  /  is  the  sheet  thickness  in  cm.,  /  is  the  frequency,  and  p  is  the 
resistivity  of  the  material  in  e.m.u. 

This  relation  is  derived  on  the  assumption  of  a  very  extensive  plane 
sheet  with  magnetizing  force  parallel  to  its  surface,  but  it  applies 
sufficiently  well  to  any  sheet  material,  flat  or  curved,  provided  that 
the  magnetizing  force  is  parallel  to  its  surface,  and  provided  that  the 
width  of  the  magnetic  sheet  is  large  in  comparison  to  its  thickness. 
These  conditions  can  be  fulfilled  in  a  core  built  up  of  ring  shaped 
laminations,  and  wound  with  an  annular  winding. 

The  total  eddy  current  power  loss  in  a  core  of  volume  irAd  is  then 

P.  =  f»^BJAd  ^  j„_,  (,) 

Op 

As  already  mentioned  (eq.  7),  such  a  power  loss  in  the  core  of  a  coil 
*C.  P.  Steinmetz,  "A.  C.  Phenomena,"  p.  195  (1908). 
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appears  in  an  a-c.  bridge  measurement  as  a  resistance 

Pe       TrH'fBJAd 
'  ~  72"  " 6^/2 ^  ^^    ■  ^^^^ 

Substituting  for  Bm  from  eq.  (6),  and  for  L^  from  eq.  (4),  gives 

47r^/2 

Pe    =   -y—  IJimLmP  olim.  (11) 

Since  this  equation  contains  explicitly  no  geometrical  details  of  the 
core,  other  than  the  sheet  thickness  t,  it  is  applicable  to  any  type  of 
core  in  which  the  flux  density  is  uniform,  as  it  is  in  an  annular  core. 
If  the  resistivity  is  expressed  in  microhm-cm.,  the  eddy  current  re- 
sistance becomes 

p        0.0413/^ 

Re  = •  fj-mLmP  ohm,  (12) 

Pi 

A  similar  solution  for  the  case  of  a  core  consisting  of  a  hank  or 
bundle  of  insulated  magnetic  wires  of  diameter  /  cm.  gives 

Re=='^^Ji,,ZmP,  (13) 

or  with  p  in  microhm-cm., 

„        0.0155/      ,    „  ,,,. 

Re    =    fJimLmf.  (14) 

Pi 

A  compressed  magnetic  dust  core  can  be  idealized  as  composed  of 
closely  packed  insulated  spheres.  Although  there  is  considerable 
concentration  of  flux  at  various  points  in  any  practical  core,  the 
power  loss  in  a  sphere  of  diameter  /i  can  be  calculated  to  a  first  approxi- 
mation by  assuming  it  permeated  by  a  uniform  flux  density  parallel 
to  the  direction  of  the  magnetizing  force.  Computing  the  eddy 
current  power  loss  in  a  cylindrical  shell  of  such  a  sphere  with  shell 
axis  parallel  to  H,  and  integrating  to  obtain  the  total  loss  gives 

P  =  -^\.0-^  (.5) 

The  power  expended  in  a  cubic  centimeter  of  such  a  core  is  then 

Pi  =       {qI'"     X  10-^  (16) 

where  t"^  is  the  mean  square  sphere  diameter,  and  r  is  the  packing 
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factor,  i.e.,  the  ratio  of  the  volume  occupied  by  metal  to  the  total 
volume  of  the  core. 

The  flux  density  in  the  spheres  is  larger  than  the  apparent  flux 
density  by  the  factor  r~^/'.  The  eddy  current  resistance  for  such  a 
structure  then  becomes 

Re    =  -^ 1  UmLmP,  (17) 


5pr 


where  Hm  is  the  permeability  of  the  core,  as  calculated  from  the  in- 
ductance Lm.^     With  p  in  microhm-cm.,  this  equation  becomes 

0.0124/2 

Ke    =   ^~  fJLmLmJ-.  (18) 

In  cases  where  merely  comparative  tests  are  to  be  made,  or  where 
p  and  /  are  not  known,  it  is  convenient  to  lump  the  coefficient  of  the 
eddy  current  resistance  in  the  form 

Re  =  en^L„,f.  (19) 

Simple  Analysis  of  Hysteresis  Resistance 
In  addition  to  the  power  loss  due  to  eddy  currents,  there  is  a  loss 
caused  by  magnetic  hysteresis.     The  energy  in  ergs  dissipated  per 
cubic  centimeter  of  core  during  one  hysteresis  cycle  is 

W  ^~fHdB=-^\  (20) 

where  ai  is  the  area  of  the  hysteresis  loop  in  gauss-oersteds.  The  power 
consumption  on  this  account  in  an  annular  core  of  volume  irAd, 
carried  through  /  cycles  per  second,  is 

Ph  =  WirdAf  =  laidAf  X  10^7  watt.  (21) 

In  the  same  manner  as  above,  this  power  is  observed  by  an  a-c. 
bridge  balanced  for  the  frequency  /  as  a  resistance 

Rh  =  -i-Y  f^mLmf  =  =^  M„,L„J  ohm.  (22) 

By  this  relation,  the  hysteresis  resistance  can  be  used  to  compute  the 
energy  loss  per  cycle  W,  or  the  hysteresis  loop  area  a\,  which  would  be 
obtained  by  ballistic  galvanometer  measurements  of  sufficient  sensi- 
tivity. 

5  Cf.  R.  Cans,  Phys.  Zeit.  24,  232  (1923). 
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The  Rayleigh  Hysteresis  Loop 

The  hysteresis  loop  area  for  magnetic  cycles  at  low  flux  densities 
(i.e.  for  which  Hm.  is  not  more  than  10-20  per  cent  higher  than  hq)  can 
be  calculated  from  the  general  shape  of  such  loops,  Rayleigh  found 
experimentally  ®  that  the  two  branches  of  such  loops  are  parabolas, 
that  the  permeability  corresponding  to  the  tips  of  the  loop  increases 
in  proportion  to  the  peak  magnetizing  force,  thus, 

Mm    =    Mo   +   OtHm,  (23) 

and  that  the  remanent  flux  is 

Br=^HJ.  (24) 

The  loop  equation  which  satisfies  the  above  conditions  is 

5  =   (mo  +  CcHrr.)H   ±  ^  {HJ  -  H'),  (25) 

where  the  points  on  the  upper  branch  are  obtained  by  using  the  + 
sign  and  those  on  the  lower  branch  by  using  the  —  sign.  Recent 
ballistic  galvanometer  measurements  of  high  precision  on  an  iron  dust 
core  tend  to  confirm  the  reliability  of  the  Rayleigh  loop  equation  for 
low  flux  densities.^ 

Integrating  HdB  around  the  cycle  gives  an  area  AaHm^/S,  which 
can  be  used  in  equation  (22)  to  obtain  the  hysteresis  resistance,  as 

Defining  the  permeability  variation  with  flux  as 

l^m  Mo  /  •!  7  \ 

—  D  t  \^'  ) 

MO-Dm 

the  value  of  a  will  be 

a  =  MoMmX,  (28) 

and  the  hysteresis  resistance  becomes 

Rh  =  1  \Hn,i^oL„J.  (29) 

<■■  Phil.  Mag.  |51  23,  225  (1SS7). 

'  W.  ii.  ICIlwood,  Physics  6,  215  (\^iS). 
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It  thus  appears  that  the  Rayleigh  hysteresis  loop  impHes  a  definite 
relationship  between  the  variation  of  permeability  with  //  or  B,  as 
calculated  from  bridge  measurements  of  inductance  at  various  coil 
currents,  and  the  observed  hysteresis  resistance.  Efforts  to  judge  as 
to  the  general  applicability  of  the  Rayleigh  form  of  loop  by  means  of 
such  a-c.  bridge  comparisons  have  indicated  fairly  good  agreement  for 
most  materials,  but  occasional  deviations  as  high  as  40  per  cent.* 
Best  agreement  is  generally  found  in  well  annealed  and  unstressed 
materials,  while  deviations  are  found  in  such  materials  as  compressed 
dust  cores.  In  such  comparisons,  the  anomalous  residual  loss,  vari- 
ously termed  magnetic  viscosity,  and  after-effect,  is  excluded.  This 
additional  loss  will  be  discussed  below. 

Mutual  Effect  of  Rayleigh  Hysteresis  and  Eddy  Current 
Shielding  in  Sheet  Material 

Taking  the  above  equation  as  the  simplest  general  representation  of 
hysteresis  loops  at  low  flux  densities,  it  now  becomes  necessary  to 
review  the  previous  work  with  additional  refinements  to  include  the 
effects  of  hysteresis  upon  eddy  currents,  and  of  eddy  currents  upon 
themselves,  and  upon  hysteresis.  Thus  the  fact  that  B  varies  ac- 
cording to  a  hysteresis  loop  equation  rather  than  directly  with  H 
modifies  the  eddy  current  loss  somewhat.  Also,  eddy  currents  set  up 
magnetizing  forces  within  the  magnetic  material  which  more  or  less 
neutralize  that  applied  by  the  coil  winding,  and  thus  effectively  shield 
the  inner  parts  of  magnetic  laminations  of  wires.  Such  eddy  current 
shielding  reduces  the  total  flux  in  the  core,  thus  decreasing  the  in- 
ductance and  loss  resistance  observed  at  higher  frequencies. 

The  fundamental  differential  equation  giving  the  relation  between 
B  and  H  at  a.  point  x  distant  from  the  median  plane  of  a  magnetic 
sheet  is^ 

^  -  A  ^  .  (30) 

For  the  simple  case  of  constant  permeability  in  which  B  =  fxoH, 
this  equation  has  been  solved  by  Heaviside,  J.  J.  Thomson,^"  and 
others. 

For  the  case  in  which  B  is  given  by  Rayleigh's  equation  (25),  the 
solution  is  very  much  involved.     The  variable  permeability  gives  rise 

8  E.  Peterson,  B.  S.  T.  J.  7,  775  (1928). 

^  E.g.,  Russell,  "Alternating  Currents,"  Vol.  I,  p.  487  (1914). 

^"Electrician  28,  599  (1892). 
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to  odd  harmonic  voltages  which  are  important  from  the  standpoint  of 
modulation  and  noise.  In  a-c.  bridge  measurements  where  the  balance 
is  made  so  as  to  bring  the  voltages  of  fundamental  frequency  to 
equality,  it  suffices  to  carry  through  the  mathematics  for  this  frequency 
alone.  This  has  been  done  for  sheet  and  wire  cores  to  an  accuracy 
sufficient  for  most  purposes  by  W.  Cauer.'^  From  his  results  for  the 
inductance  and  power  loss  in  a  laminated  core,  the  apparent  per- 
meability and  loss  resistance  are  calculated  to  be 


Ho  sinh  d  +  sin  6 
d  cosh  6  +  COS  6 


4^2 

97r 


76^       26^ 
60  "^  457r  "^ 


-  MO  (  1  -  3Q  +  732 


46'       76^       29' 


—  Mo 


1+\B^- 


4\B^d' 


1  +  2  ^^^ 


R/m    = 


2irfL(j  sinh  6  —  sin  6 
6      cosh  6  +  cos  6 

SaHmfLo 
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3mo 


30  "^     457r 


7r0« 


^4         60         40 


TfUd' 


420  "^  600 


02 


+  ^X5^Lo/(l  +^  - 
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40 


(31) 

(32) 
(33) 

(34) 
(35) 


The  quantity  6  =  2tvH ixof I p,  where  p  is  in  e.m.u.;  and  Bm  =  /jLmHm, 
where  M»n  is  independent  of  /. 

The  hyperbolic  function  parts  of  these  equations  are  valid  at  any 
frequency,  but  they  give  only  those  parts  of  fj.  and  R  which  are  due 
to  the  constant  initial  permeability  mo-  The  series  having  a  or  X  as 
coefficients  give  the  increases  due  to  hysteresis. 

The  apparent  permeability  mm,  which  is  calculated  from  the  meas- 
ured inductance,  decreases  as  the  measuring  frequency  is  increased. 
Furthermore,  at  higher  frequencies,  this  permeability  rises  less  rapidly 
with  rise  in  measuring  current  than  it  does  at  low  frequencies,  and  it 
will  actually  decline  with  increasing  H  at  frequencies  higher  than 
that  necessary  to  make  6  >  1.6,  approximately.  Thus,  for  the 
accurate  determination  of  mo,  fJ-m,  X  and  a,  it  is  necessary  to  make 
measurements  at  frequencies  low  enough  to  suppress  these  correction 
terms. 


"\V.  Cauer,  Arch.f.  Rlektrotechnik  15,  308  (1925). 
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The  equations  for  resistance  are  similarly  complicated.  The  first 
series  gives  that  part  of  the  eddy  current  resistance  which  is  due  to 
the  constant  mo-  The  coefficient  of  the  second  series  indicates  that 
this  series  involves  the  hysteresis  resistance.  However,  terms  in  the 
second  series  which  contain  the  factor  P  will  be  recognized  as  eddy 
current  components  introduced  by  the  fact  that  the  permeability  has 
been  increased  from  the  value  juo  by  the  factor  X5„. 

The  complicated  form  and  slow  convergence  of  the  above  equation 
(35)  for  resistance  make  it  difficult  for  use  in  interpreting  a-c.  bridge 
measurements.  Considerable  simplification  is  effected  by  dividing  the 
observed  resistance  (eq.  35)  by  the  observed  inductance  (from  eq.  2>Z) 
for  each  measuring  current  and  frequency.  Performing  this  operation, 
and  rejecting  series  terms  in  X5„  higher  than  the  first  power,  gives 


Lfm  3p 


1  -  140  (1  +  5X5J  + 


+  :^  \Hmflof 


1  -  ^  (1  -  5X5J  + 


(36) 


The  coefficient  of  the  first  series  is  identical  with  the  eddy  current 
expression  previously  derived  (eq.  11),  which  neglected  eddy  current 
shielding  and  hysteresis.  The  series  itself,  which  includes  these  other 
effects,  converges  rapidly  for  0  <  1,  provided  that  the  value  of  X^^ 
is  not  carried  too  high. 

The  coefficient  of  the  second  series  is  identical  with  the  hysteresis 
expression  derived  from  Rayleigh's  equation  (29)  in  which  eddy 
currents  were  neglected.  The  second  term  of  this  series  gives  the 
amount  by  which  eddy  current  shielding  reduces  hysteresis  resistance 
at  higher  frequencies.  It  appears  to  converge  less  rapidly  than  the 
series  for  the  eddy  current  resistance,  but  this  is  partly  offset  by  the 
decrease  of  its  second  term  with  increase  of  X^^.  Thus,  the  coefficients 
of  ^  become  equal  to  1/88  in  both  series  if  \Bm  =  13/110.  This 
value  of  \Bm  is  reached  when  the  flux  density  in  the  material  is  large 
enough  to  raise  the  permeability  some  10  per  cent  above  no.  Evi- 
dently, this  value  of  X^^  can  be  exceeded  somewhat  without  making 
the  coefficients  excessively  large.  However,  if  the  measurements  are 
made  at  too  high  flux  densities,  the  hysteresis  loops  diverge  more  and 
more  from  the  simple  Rayleigh  loop,  and  the  present  analysis  becomes 
inapplicable. 

In  a-c.  bridge  measurements  it  is  seldom  desirable  to  measure  at 
flux  densities  which  will  carry  the  permeability  more  than  10  per  cent 
above  its  initial  value.     If  measurements  at  higher  flux  densities  are 
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desired,  sufficient  sensitivity  can  generally  be  obtained  by  wattmeter 
or  ballistic  galvanometer  methods. 

Graphical  Separation  of  Losses 

Since  it  is  generally  important  to  distinguish  between  types  of 
magnetic  losses,  methods  of  analyzing  the  measurements  have  been 
devised  to  accord  with  the  degree  of  refinement  desired.  A  fairly 
simple  graphical  loss  separation  method  is  suitable  if  magnetic  shielding 
can  be  ignored.  However,  it  will  be  seen  to  lead  to  the  inclusion  of 
an  additional  term  to  account  for  the  residual  loss.  If  the  effect  of 
eddy  current  shielding  is  also  to  be  considered,  a  more  complicated 
analytical  method  of  separation  will  be  found  necessary. 

With  magnetic  shielding  negligible,  eq.  (36)  reduces  to  the  form 

77^  =   ^  \Hmyifi  +  -=—  IXmf  (37) 

jLm  3  6p 

==^X5„-^°  +  ^%./  (38) 

3  Mm  -^P 


or 


t^mfLn 


=  aB^  +  ef.  (39) 


The  last  form  of  the  expression  is  most  suitable  for  routine  testing 
and  design  purposes.  The  hysteresis  area  constant  a  will  be  seen  to 
be  intimately  related  to  the  hysteresis  loop  area  ai  previously  discussed ; 
thus 

a  =1^3.  (40) 

Within  the  limits  of  applicability  of  Rayleigh's  equation,  the  following 

relations  also  apply: 

8Xmo  8q:  ,..s 

a  =  ^ — -„  =  ^ — ^.  (41; 

The  losses  observed  on  any  test  core  can  be  separated  graphically  ^^ 
by  calculating  the  values  of  Rm/fXmfLm  for  a  fixed  value  of  Hm  at  all 
measuring  frequencies,  and  plotting  such  values  against  frequency. 
The  slope  of  the  resulting  straight  line  should  then  give  e,  and  the 
intercept  aB„.  When  this  process  is  repeated  for  other  values  of  //„, 
a  series  of  intercepts  will  be  obtained,  all  of  which  would  be  expected 
to  yield  a  constant  value  for  the  loop  area  constant  a.  However,  this 
is  frequently  found  not  to  be  true,  but  if  the  several  intercepts  so 

1=  B.  Speed  and  G.  W.  Elmen,  Trans.  A.  I.  E.  E.  40,  596  (1921). 
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obtained  be  plotted  against  Bm,  they  generally  fall  upon  a  fairly 
straight  line  whose  slope  is  a,  and  whose  intercept  on  the  line  Bn  =  0 
is  c.  The  value  of  a  so  obtained  agrees  fairly  well  in  most  cases  with 
the  value  calculated  from  the  permeability  variation  coefficient  X, 
which  is  the  justification  cited  above  for  the  Rayleigh  equation.  The 
presence  of  residual  loss  necessitates  rewriting  the  loss  equation  with 
an  additional  term — 

^^  aBm  +  c  +  ef.  (42) 


f^mfL 


The  value  of  the  intercept  c,  however,  has  no  counterpart  in  the 
Rayleigh  equation.  It  indicates  the  presence  of  a  power  loss  propor- 
tional to  the  frequency,  and  thus  similar  to  hysteresis,  but  contrarily 
proportional  to  the  square  of  the  magnetizing  force,  instead  of  to  the 
cube.  It  is  found  not  to  contribute  to  harmonics  or  modulation 
generated  by  a  core  material,  and  might  thus  be  represented  by  an 
elliptical  increment  to  the  Rayleigh  loop.^^ 

Residual  loss  has  been  ascribed  to  viscosity  or  "after-effect"  in  the 
core  material. ^^  The  chief  obstacle  to  this  explanation  is  the  observed 
constancy  of  c  over  a  wide  range  of  frequencies,  in  contrast  to  the 
variation  to  be  expected  from  ordinary  viscosity  losses.  Residual  loss 
has  been  ascribed  to  inhomogeneities  in  the  magnetic  material  ^^ 
which  lead  to  higher  a-c.  power  losses  than  expected  from  the  area  of 
the  hysteresis  loop.  This  explanation  seems  promising,  but  the  work 
to  date  has  been  chiefly  qualitative,  and  it  has  not  been  shown  to 
yield  the  required  additional  loss  proportional  to  H^.  The  parallel 
between  this  loss  and  eddy  current  loss,  which  is  also  proportional 
to  H^,  is  alluring,  but  the  dependence  of  eddy  current  loss  upon  p  has 
remained  a  stumbling  block.  The  mechanical  dissipation  of  power 
through  magnetostrictional  motions  seems  also  a  possible  explanation. ^^ 

Somewhat  analogous  to  the  residual  loss  is  the  excess  eddy  current 
loss  generally  observed.  When  the  observed  value  of  e  is  used  to 
calculate  the  resistivity  of  a  magnetic  material,  it  generally  gives 
a  value  somewhat  smaller  than  the  true  resistivity,  which  indicates 
that  the  observed  eddy  current  losses  are  correspondingly  too  large. 
The  apparent  resistivity  so  obtained  approaches  the  true  resistivity 
quite  closely  for  well  insulated  laminations  of  pure,  well  annealed 
materials.     It  is  interesting  to  note  that  the  residual  loss  for  such  well 

13  H.  Jordan,  Ann.  d.  Physik  [5]  21,  405  (1934). 

''  H.  Jordan,  E.  N.  T.  1,  7  (1924);  F.  Preisach,  Zeit.f.  Phys.  94,  277  (1935). 

15  L.  VV.  McKeehan  and  R.  M.  Bozorth,  Phys.  Rev.  [2]  46,  527  (1934). 

1*  For  a  more  thorough  discussion  sec  W.  B.  Ellwood,  Physics  6,  215  (1935). 
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annealed  materials  is  also  practically  absent.  For  many  materials, 
however,  the  apparent  resistivity  falls  to  50-75  per  cent  of  the  true 
resistivity.  The  increase  in  eddy  current  loss  thus  observed  is  techni- 
cally very  undesirable  since  it  necessitates  rolling  laminations  con- 
siderably thinner  than  otherwise  required,  in  order  to  suppress  eddy 
current  losses  sufficiently. 

The  cause  of  extra  eddy  current  losses  in  laminated  material  is 
definitely  chargeable  to  the  hard,  low  permeability  surface  of  the 
material.  The  eddy  current  losses  are  determined  largely  by  the  high 
interior  permeability,  and  the  laminar  thickness.  The  material  near 
the  surface  conducts  large  eddy  currents  induced  by  interior  material 
of  high  permeability,  but  it  contributes  very  little  to  the  average 
permeability  for  the  entire  sheet.  Removal  of  low  permeability 
surface  material  by  etching  ^^  lowers  the  eddy  current  losses  and 
increases  the  average  permeability  of  the  core,  so  that  the  apparent 
resistivity  approaches  more  closely  the  true  d-c.  value.  Of  course, 
selection  of  material  and  proper  mechanical  working  and  heat  treating 
technique  are  most  desirable  in  avoiding  at  the  outset  such  inhomo- 
geneities,  with  their  resulting  excessive  losses. 

Analytical  Separation  of  Losses 

For  special  investigations  where  the  accuracy  of  the  graphical 
method  of  loss  separation  is  not  sufficient,  it  is  necessary  to  return  to 
the  unabridged  form  of  eq.  (36),  and  employ  an  analytical  method. 
For  example  with  sheet  material, 

e  =  —1 —      and     0-  =  -  g/xn/. 
op  T 

Rewriting  eq.  (36)  with  these  substitutions  and  with  an  additional 
term  to  provide  for  the  residual  loss, 
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It  should  be  recalled  that  R/m  and  Lfm  are  the  core  resistance  and 
inductance  measured  at  a  definite  current  and  frequency,  while  /i^  is 
the  permeability  of  the  core  measured  at  the  same  current,  but  at  a 
frequency  low  enough  to  make  eddy  current  shielding  negligible. 

"Legg,  Peterson  and  Wrathall,  U.  S.  Patent  1,998,840  (1934). 
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Subtracting  the  value  of  R/m/fL/m  for  frequency  /i  from  the  corre- 
sponding value  for  frequency /2,  and  dividing  by  the  frequency  interval 

A/  =  /2  -  /i,  gives 
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An  approximate  value  for  e  is  sufficient  in  obtaining  the  correction 
terms  in  this  equation.  With  the  precise  value  of  e/x„,  thus  obtained, 
the  eddy  current  term  in  eq.  (43)  can  be  calculated  for  any  frequency 
and  permeability.  Subtracting  the  proper  eddy  current  term  for  each 
value  of  Rfm/fLfm  gives  the  hysteresis  terms  as  remainders,  which  can 
be  further  analyzed  in  their  relation  to  magnetizing  force,  as  in  the 
previous  graphical  loss  separation.  Loss  separations,  made  thus  pre- 
cisely, reveal  frequency  variations  of  apparent  resistivity  and  of  the 
residual  loss  constant. 

Capacitance,  Leakance,  and  Eddy  Current  Loss 
OF  THE  Winding 

In  the  discussion  thus  far,  it  has  been  assumed  that  the  measured 
inductance  and  resistance  of  a  test  coil  depend  solely  upon  the  core 
permeability  and  losses.  This  assumption  must  be  modified  under 
some  conditions,  for  it  is  found  that  the  distributed  capacitance  and 
leakance  of  the  coil  winding  act  as  shunt  impedances,  which  may 
diminish  sufficiently  at  high  frequencies  to  miask  the  actual  inductance 
and  resistance  of  the  coil.  Furthermore,  the  resistance  of  the  test 
coil  includes  an  amount  corresponding  to  the  power  expended  by  eddy 
currents  in  the  copper  winding  itself.  It  will  be  shown  that  such 
disturbing  factors  can  generally  be  eliminated,  either  by  modifications 
in  the  method  of  core  loss  separation,  for  materials  in  which  eddy 
current  shielding  is  negligible;  or  by  winding  the  test  core  to  give  an 
inductance  low  enough  to  suppress  such  disturbing  factors,  for  ma- 
terials in  which  eddy  current  shielding  is  not  negligible. 

If  the  distributed  capacitance  and  leakance  can  be  considered  as 
single  lumps,  C,  and  G,  in  parallel  with  the  coil  of  inductance  L  and 
resistance  R,  the  observed  inductance  at  a  frequency  corresponding  to 
CO  =  lirf  is  found  to  be 

J.        _  L(l  -  co^LC)  -  CR^ 


(1  -  co^LCy  -f  2GR  -f  G'{R-  +  co2L2)  +  co^C^i?^  * 
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This  simplifies  at  frequencies  well  below  resonance  to 

Lobs.  =  L{\  +  a^^LC).  (45) 

Thus  the  observed  inductance  tends  to  increase  at  higher  frequencies 
on  account  of  distributed  capacitance,  in  contrast  to  its  tendency  to 
decrease  on  account  of  magnetic  shielding  in  the  core  according  to 
eq.  (33).  If  the  inductance  L  is  known  from  low  frequency  measure- 
ments, and  if  computations  from  eq.  {i2))  show  that  it  does  not  decline 
appreciably  because  of  eddy  current  shielding  at  the  measuring 
frequency,  the  capacitance  can  be  calculated  from  the  relation 

^i>^^^Lobs.^-L^  (46) 

Similar  complications  arise  in  measuring  the  resistance  of  a  coil  at 
high  frequencies.  Under  the  same  assumptions  as  above,  the  observed 
resistance  is 

^       ^ R  +  GjR'  +  ^'U) 

^ob3.  (1    _   JlLCy  +   2GR   +   G2(i?2  _^  ^2^2)    _|_  ^2(^2^2  ' 

At  moderate  frequencies,  this  reduces  to 

i?obs.  =  {R  +  Gco2L2)(l  +  2co2LC),  (47) 

from  which  it  appears  that  leakance  enters  as  an  important  part, 
and  that  the  capacitance  gives  twice  as  large  an  increment  for  the 
resistance  as  for  the  inductance.  The  effect  of  distributed  capacitance 
can  be  eliminated  by  dividing  the  observed  value  of  resistance  by 
(1  +  loi^LC),  where  the  correction  factor  is  obtained  from  eq.  (46). 
Thus 

=  R  +  Goi'^U.  (48) 


Roh6. 


1    _J_   9  Lpba.  Li 

^  "^^         L 

The  leakance  term  GuP-U-  can  be  eliminated  as  will  be  shown  below. 

The  resistance  term  R  includes  the  desired  magnetic  core  resistance, 
but  it  also  contains  the  resistance  of  the  copper  coil,  which  may  have 
a  considerable  eddy  current  loss  of  its  own.  The  copper  eddy  current 
loss  occurs  principally  in  the  lower  layers  of  the  winding,  which  are 
cut  by  the  alternating  magnetic  flux  set  up  by  the  current  in  the 
winding.  It  is  similar  to  the  eddy  current  loss  in  the  core  material 
itself,  varying  with  the  square  of  the  frequency,  to  a  first  approxi- 
mation.^*   This  loss  must,  therefore,  be  eliminated  before  accurate 

>8Cf.  M.  Wien,  Ann.  d.  Phys.  [4]  14,  1  (1904);  S.  Butterworth,  Exp.  Wireless  6, 
13  (1929). 
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determination  of  the  core  loss  is  possible.     The  eddy  current  resistance 
of  the  copper  winding  is  of  the  form 

Rce  =  ecLaP,  (49) 

where  La  is  the  total  air  inductance  of  the  winding,  and  Cc  is  the 
copper  eddy  current  coefficient. 

This  eddy  current  coefficient  is  inversely  proportional  to  the  number 
of  strands  in  the  wire,  so  that  it  can  be  minimized  by  using  wire 
consisting  of  many  insulated  strands.  It  increases  somewhat  with  the 
number  of  layers  in  the  winding.  The  coefficient  may  be  determined 
for  any  type  of  winding  by  resistance  measurements  on  an  air  core 
coil  of  dimensions  and  winding  details  similar  to  those  of  the  magnetic 
core  to  be  tested.  Subtracting  the  eddy  current  resistance  Rce  so 
computed,  and  the  d-c.  copper  resistance  Re,  from  eq.  (48)  gives  as 
the  residual  resistance 

AR  = ^ r  -Re-  e.LaP 


1  ^2^^^ — - 


=  UmLmliaBr,  +  c)f  +  6f  ]  +  Gco'L\     (50) 


This  residual  resistance  consists  of  the  core  loss  resistance,  and  an 
increment  due  to  leakance.  The  latter  can  be  largely  suppressed  by 
the  use  of  low  leakance  insulating  materials,  by  insuring  that  the 
winding  is  free  from  moisture,  and  by  making  the  distributed  capaci- 
tance as  small  as  possible.  Furthermore,  it  is  known  from  experiments 
on  the  electrical  conductance  of  insulating  materials  at  elevated 
frequencies  that  the  "quality"  Q  =  wC/G  is  practically  a  constant 
(C  is  the  capacitance  associated  with  G,  —  in  this  case  the  distributed 
capacitance).     Inserting  this  value  of  G  in  eq.  (50)  gives 

AR  =  (XmL^liaBm  +  c)f  +  eP^  +  Sir'CUP/Q.  (51) 

Theoretically,  the  coefficients  in  this  equation  can  be  obtained 
from  resistance  measurements  taken  at  three  different  frequencies. 
Unavoidable  errors  in  the  measurements  render  such  an  analysis 
unreliable,  so  that  it  is  generally  preferable  to  obtain  a  larger  number 
of  observations,  and  to  determine  the  coefficients  graphically.  Di- 
viding by  iJLmLmf,  and  neglecting  the  air  inductance  of  the  coil,  the 
equation  becomes 

(aB^  +  c)+ef  +  ^^^^.  (52) 
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If  the  data  at  lower  frequencies  are  sufficiently  reliable,  this  parabola 
can  be  extrapolated  to  give  the  zero  intercept  {aBm  +  c)  which 
contains  the  sought  for  hysteresis  constants  of  the  core.  Subtracting 
the  intercept  so  found,  and  dividing  again  by  /  gives 

This  is  the  equation  of  a  straight  line,  when  plotted  against/.  The 
intercept  e  is  the  desired  eddy  current  coefficient  for  the  core  material. 
The  slope  of  this  line,  S,  yields  the  dielectric  quality 

„         Sir^CL  ,_.- 

Q  =  ^  •  (54) 

Here  C  is  the  distributed  capacitance,  which  can  be  obtained  from 
eq.  (46).  This  relation  is  useful  in  comparing  the  qualities  of  various 
insulating  and  spacing  materials,  and  in  calculating  the  total  losses  to 
be  expected  in  any  proposed  coil. 

Accurate  Separation  by  Limiting  Inductance 

It  appears  from  the  above  discussion  that  magnetic  loss  separations 
can  be  made  in  spite  of  interference  by  distributed  capacitance, 
leakance  and  eddy  current  resistance  of  the  coil  windings,  provided 
that  the  interference  is  not  too  large,  and  provided  that  eddy  current 
shielding  in  the  test  core  is  negligible.  When  the  latter  condition  is 
not  fulfilled,  it  becomes  necessary  to  suppress  the  interference  due  to 
capacitance,  etc.,  to  negligibly  small  quantities.  This  is  facilitated  by 
proper  technique  in  applying  the  windings,  but  any  degree  of  sup- 
pression can  be  secured  by  sufficient  limitation  of  the  coil  inductance, 
as  will  appear  by  reference  to  eq.  (47),  Although  reduction  of  the 
coil  inductance  by  using  a  winding  with  few  turns  is  desirable  in  thus 
suppressing  errors,  it  is  undesirable  in  that  it  reduces  the  core  loss 
resistance  (cf.  eq.  50)  to  a  value  which  may  be  difficult  to  measure 
accurately  on  any  available  bridge.  It  is  thus  necessary  to  wind  the 
test  core  to  an  inductance  which  will  yield  the  largest  possible  loss 
resistance,  without  exceeding  the  allowable  error  from  capacitance, 
leakance,  and  copper  eddy  current  loss.  The  value  of  this  maximum 
allowable  inductance  is  obtained  by  calculating  the  inductance  re- 
quired to  make  the  errors  due  to  capacitance,  leakance,  and  copper 
eddy  currents  at  the  highest  measuring  frequency  equal  to  some 
tolerable  small  fraction  of  the  core  loss  resistance. 
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A  good  separation  of  losses  requires  measurements  at  four  or  more 
frequencies,  up  to  a  point  where  the  eddy  current  resistance  is  several 
times  the  hysteresis  resistance,  and  at  four  or  more  values  of  measuring 
current  in  the  useful  range.  The  maximum  frequency  necessary  to 
make  the  eddy  current  resistance  mount  to  p  times  the  hysteresis 
resistance  is 

ph 
fm  =  ^—'         where         h  =  {aB,„  +  c),  (55) 

and  the  total  core  loss  resistance  at  this  frequency  is 

R,.  =  ""^"'''^'^  +  ') .  (56) 

e 

At  this  maximum  frequency,  the  observed  resistance  is 

i?obs.  =  {Re  +  e,.LaP  +  R„.  +  ^iv'CUfj;Q){\  +  Sir'-LCfJ).     (57) 

Since  it  is  desired  that  the  observed  resistance  indicate  directly  the 
d-c.  copper  and  core  loss  resistance,  all  other  terms  in  eq.  (57)  may  be 
considered  as  errors,  to  be  suppressed  to  a  small  fraction  q  of  the  core 
resistance.  Setting  the  total  error  equal  to  gRm,  and  rejecting  errors 
of  higher  orders  gives 

qR^  =  e^LaU'  +  Sir'-LCfJiRe  +  Rm  +  ttL^'Q).  (58) 

Substituting  the  above  values  for  fm  and  R,n  at  the  maximum 
measuring  frequency  gives  a  quadratic  equation  in  L  (neglecting  air 
inductance),  which  solves  quite  accurately  to  require, 

^  ^  e[_eqtim(P  +  1)  -  Sw^CRcp'] ecLgp ,     . 

STr'Cp%l7r'Q-^fxJl{p-\-l)^        eqfi^ip  +  1)   -  Stt'CRcP'       ^^ 

Since  it  is  desirable  to  use  a  large  inductance  for  ease  in  resistance 
determination,  it  appears  that  the  copper  resistance  Re,  the  copper 
eddy  current  coefficient  Cc,  and  the  distributed  capacitance  C  should 
be  made  as  small  as  possible,  while  Q  should  be  large. 

As  an  illustrative  example,  assume  a  core  material  of  permeability 
iu„,  =  100,  to  be  measured  up  to  a  frequency  such  that  p  =  5,  with  an 
error  of  not  more  than  1  per  cent  at  the  maximum  frequency,  i.e., 
q  =  0.01.  Assume  also,  g  -  25  X  10-^  h  =  0.5  X  \0-\  C  =  25  X  IQ-^^, 
Q  =  20,  ecLa  =  10-",  Re  =  2. 

The  maximum  frequency  for  measurement  will  then  be/m=  10,000 ~. 
The  core  should  be  wound  to  give  an  inductance  of  5.30  mh.     At  the 
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maximum  measuring  frequency  the  eddy  current  resistance  will  be 
1.325  ohms  and  the  hysteresis  resistance  0.265  ohm.  At  the  lower 
end  of  the  frequency  range,  say  at  1000  ~  these  figures  become  Re 
=  0.0132  ohm  and  Rh  =  0.0265  ohm.  This  indicates  that  a  bridge 
will  be  required  for  such  measurements  capable  of  measuring  in- 
crements of  resistance  to  an  accuracy  of  about  0.0002  ohm  at  1000~, 
and  about  0.002  at  10,000  ~. 

Computations  of  this  sort  show  the  high  quality  of  a-c.  bridge 
generally  demanded  for  core  loss  measurements.  Such  measurements 
require  equipment  and  a  bridge  with  a  maximum  of  sensitivity  of 
both  a-c.  and  d-c.  balances,  and  a  minimum  of  losses  in  standards, 
pick-up,  unbalanced  impedance  to  ground,  and  variable  contact. 

Bridges,  and  Test  Procedure 

The  essential  features  of  bridges  suitable  for  core  loss  measurements 
will  now  be  mentioned  in  general  terms.  It  will  be  appreciated  from 
the  above  discussion  that  the  specific  range  of  frequencies,  and  the 
required  resistance  sensitivity  must  be  adapted  to  the  loss  charac- 
teristics of  the  magnetic  core  to  be  measured. 

Although  certain  types  of  resonance  bridges  ^^  have  advantages  for 
measurements  at  high  frequencies,  the  most  suitable  bridge  for  the 
usual  measurement  of  magnetic  core  coils  is  an  equal  arm  inductance 
comparison  bridgCj^"  on  which  inductances  can  be  measured  directly, 
and  on  which  a-c.  and  d-c.  resistance  measurements  can  be  made  in 
prompt  succession,  to  eliminate  the  effect  of  gradual  temperature 
changes  on  the  resistances  of  the  bridge  and  test  coil.  A  suitable 
circuit  is  shown  in  Fig.  1. 

Inductance  coils  for  bridge  standards  should  be  as  stable  as  possible 
against  frequency  and  current.  Although  low  effective  resistance  per 
unit  of  inductance  is  desirable,  it  is  more  important  for  core  loss 
measurements  to  design  such  standards  for  a  minimum  increase  of 
resistance  with  frequency,  so  as  to  keep  calibration  corrections  small 
in  comparison  to  the  resistance  increments  to  be  measured.  A  satis- 
factory type  of  standard  coil  consists  of  an  air  core  toroidal  form,  with 
a  bank  winding  of  finely  stranded  wire.  The  bank  winding  minimizes 
capacitance  effects  on  the  observed  inductance  and  resistance  of  the 
coil,  and  the  fine  stranding  minimizes  eddy  current  losses  in  the  copper; 
cf.  eq.  (49).  The  small  residual  corrections  must  finally  be  included 
as  calibrations  when  making  measurements  with  the  aid  of  standard 
coils. 

"  \V.  J.  Shackelton  and  J.  G.  Ferguson,  B.  S.  T.  J.  7,  82  (1928). 
=»  W.  J.  Shackelton,  B.  S.  T.  J.  6,  142  (1927). 
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The  effect  of  contact  resistance  is  minimized  by  changing  few,  or 
preferably  no,  contacts  between  a-c.  and  d-c.  readings.  This  is 
facihtated  by  supplying  current  to  one  corner  of  the  bridge  through 
the  sliding  contact  of  the  slide  wire  resistance  used  for  fine  balancing. 
This  excludes  contact  resistance  errors  from  resistance  determinations 
in  which  both  a-c.  and  d-c.  balances  fall  within  the  range  of  the  slide 
wire,  and  thus  increases  the  bridge  accuracy  for  small  values  of  effective 
resistance.  Usual  precautions  as  to  clean  and  positive  contacts  are 
sufficient  for  larger  resistance  measurements. 


TO 

OSCILLATOR 


Fig.    1 — Diagram  of  inductance  comparison  bridge  suitable  for  measurement  of 

magnetic  core  coils. 


The  a-c.  supply  to  the  bridge  should,  of  course,  be  a  sine  wave,  and 
the  bridge  transformers  should  be  designed  for  minimum  distortion. 
The  frequency  should  be  known  accurately,  and  the  voltage  should  be 
constant  during  any  set  of  measurements.  Rheostats  are  required  to 
permit  accurate  adjustment  of  bridge  current,  and  they  must  be 
designed  and  shielded  to  avoid  stray  coupling  with  the  bridge.  A  suit- 
able thermocouple  is  provided  for  measuring  the  current  into  the 
bridge,  from  which  measurement  the  current  through  the  test  coil  can 
be  readily  determined,  since  the  bridge  has  equal  ratio  arms. 

A  distortion-free  amplifier  and  a  filter  circuit  tuned  to  the  measuring 
frequency,  are  essential  for  magnifying  the  bridge  unbalance  current 
so  as  to  permit  precise  measurements.  Such  unbalances  may  be 
detected  by  a  vibration  galvanometer  at  frequencies  below  say  200  ~ 
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and  by  head  phones  at  frequencies  within  the  audible  range.  For 
measurements  at  higher  frequencies,  a  heterodyne  detector  is  needed. 
Detection  with  a  galvanometer  is  feasible  when  used  in  connection 
with  a  rectifier  and  filter,  the  filter  being  required  so  as  to  eliminate 
errors  due  to  currents  of  extraneous  frequencies. 

The  galvanometer  used  for  d-c.  bridge  balancing  should  be  sensitive 
enough  to  secure  resistance  readings  of  precision  equal  to  that  of  the 
a-c.  balance.  The  d-c.  supply  to  the  bridge  should  be  limited  to  a 
current  of  the  same  order  of  magnitude  as  the  a-c.  supply,  to  guard 
against  permanent  magnetization  of  the  magnetic  material  under  test. 

The  usual  test  procedure  is  to  set  the  oscillator  at  the  lowest  desired 
frequency,  and  measure  the  inductance  and  resistance  of  the  test  coil 
at  several  currents  beginning  at  the  lowest,  increasing  to  the  highest, 
and  returning  again  to  the  lowest,  so  as  to  detect  any  tendency  for 
permanent  magnetization  or  magnetic  aging.  Direct  current  balances 
are  taken  as  often  as  required  to  keep  up  with  gradual  changes  of 
circuit  resistance  due  to  room  temperature  changes,  the  direction  of 
current  through  the  bridge  being  reversed  each  time  to  detect  and 
eliminate  stray  currents  and  thermal  e.m.f.'s.  The  differences  between 
the  observed  a-c.  and  d-c.  resistances  gives  the  a-c.  increment  resistance 
of  the  test  coil,  except  for  corrections  on  account  of  the  calibration  of 
the  bridge  and  coils.  This  process  is  repeated  at  successively  higher 
frequencies  until  a  suitable  range  of  data  has  been  covered.  The 
resulting  data  can  then  be  analyzed  to  show  the  characteristic  of  the 
magnetic  core  by  the  appropriate  method  as  described  above. 

The  Test  Core 

The  design  of  the  test  core  depends  upon  the  physical  and  magnetic 
characteristics  of  the  material  to  be  tested.  In  general  the  radial 
thickness  should  be  small  in  comparison  with  the  diameter.  Strain 
sensitive  materials  must  be  protected  from  mechanical  stresses  of 
handling  and  winding.  Types  of  insulation  and  winding  depend  upon 
the  loss  characteristics  of  the  core. 

In  any  practical  core,  the  diameter  ranges  between  an  inside  value 
di  and  an  outside  value  do.  Since  the  diameter  enters  into  the  de- 
nominator of  the  expression  for  //  and  certain  other  magnetic  quan- 
tities, the  efifective  diameter  must  be  calculated  and  used  in  such 
expression  rather  than  the  simple  mean  diameter.  The  effective 
magnetic  diameter  of  a  core  having  a  rectangular  cross-section  is 
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the  reciprocal  of  the  value  obtained  by  averaging  l/d,  namely 

d  =  ^-^.  (60) 

This   expression   can   be   converted    to   the   following   convenient 
series 


d  =  d„ 


U\dm  )        180  I  d„  ) 


(61) 


which  indicates  that  the  effective  diameter  is  smaller  than  the  arith- 
metical mean  diameter  dm,  by  an  amount  depending  upon  Ad,  the 
difference  between  inside  and  outside  diameters.  This  series  con- 
verges so  rapidly  that  terms  beyond  the  second  may  be  neglected  for 
all  practical  purposes. 

A  test  core  of  large  radial  thickness  is  to  be  avoided,  when  accurate 
measurements  are  desired,  because  of  the  considerable  change  of 
flux  density  from  the  inside  to  the  outside  diameter,  with  its  accom- 
panying modification  of  the  core  permeability.  Such  variations 
complicate  eddy  current  and  hysteresis  behavior,  particularly  through 
reaction  on  the  magnetic  permeability.  If  the  permeability  at  every 
point  in  the  core  bears  a  straight  line  relationship  to  the  flux  density, 
eq.  (27)  gives 

fx  -  Mo(l  +  XJ5).  (62) 

The  flux  density  at  diameter  y  is 

y 

Solving  this  equation  for  B,  and  integrating  from  di  to  do  gives  the 
total  flux  in  a  unit  height  of  core,  from  which  the  mean  flux  density 
can  be  calculated.  This  gives  for  the  mean  permeability,  approxi- 
mately 

fim  =  f^o  I  i  -\-  XBm  j~r  j  ,  (64) 

where  Bm  is  the  mean  peak  flux  density  in  the  core,  and  d  is  the  effective 
magnetic  diameter.  Comparison  of  (64)  with  (62)  shows  that  the 
increase  of  mean  permeability  in  a  core  of  considerable  radial  thickness 
is  not  precisely  equal  to  the  ideal  increase  of  permeability  for  a  given 
flux  density. 

The  effect  of  radial  thickness  of  core  on  losses  can  be  attacked  in  a 
similar  manner.     Inserting  the  value  of  H  at  diameter  y  in  Cauer's 
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expression  for  power  loss,^*  computing  the  loss  in  a  ring  of  thickness 
dyl2,  and  integrating  from  di  to  Jo  yields  an  expression  for  core 
resistance  identical  with  (33),  (34)  and  (35)  except  that  the  terms  con- 
taining a  or  X  must  be  multiplied  by  the  factor  d'^/dido.  It  appears  that 
radial  thickness  of  the  core  affects  only  that  part  of  the  loss  which 
depends  upon  the  variation  of  permeability  with  H  or  B. 

In  preparing  a  test  core,  a  compromise  must  be  struck  between  the 
radial  thickness,  diameter,  and  axial  height,  so  as  to  secure  the  desired 
cross-sectional  area  without  excessive  length  of  copper  winding. 
The  laminations  of  the  core  must  be  well  insulated  from  each  other. 
They  should  be  of  uniform  thickness,  which  should  be  known  accu- 
rately. A  good  technique  used  with  material  in  the  form  of  ribbon  or 
tape,  consists  of  winding  it  tightly  in  several  layers  upon  a  cylindrical 
mandrel  and  providing  insulation  against  eddy  current  straying  by 
dusting  the  strip  with  finely  powdered  alumina  while  winding.  Such 
insulation  is  found  to  withstand  the  high  temperatures  ordinarily 
used  in  heat  treating  the  core.  In  order  to  eliminate  the  airgap  in 
this  type  of  core,  the  inside  end  of  the  tape  may  be  brought  out, 
folded  over,  and  welded  to  the  outside  end,  before  annealing  the  core. 
The  use  of  50  turns  of  tape  or  more  in  a  spiral  core  reduces  the  airgap 
effect  to  a  negligible  amount  so  that  welding  the  tape  ends  is  not 
necessary.  A  mandrel  diameter  should  be  selected  large  enough  to 
make  the  ratio  Ad/d^  quite  small.  Thus,  a  9  cm.  mandrel,  wound  to  a 
depth  of  1  cm.,  gives  a  core  in  which  the  magnetizing  force  decreases 
about  20  per  cent  from  the  inside  diameter  to  the  outside,  while  the 
correction  term  decreases  the  effective  diameter  about  0.4  per  cent 
below  the  mean  diameter.  The  correction  to  the  permeability 
variation  term  is  d^/dtdo  —  1.002. 

The  completed  core,  if  strain  sensitive,  can  be  protected  from  the 
mechanical  stresses  of  handling  and  winding  by  mounting  it  in  a  loose 
fitting  toroidal  box  upon  which  the  test  windings  are  applied.  Such 
spacing  helps  to  decrease  distributed  capacitance,  but  even  more 
important  is  sectionalizing,  or  bank  winding  of  the  coil.  Types  of 
insulation  and  windings  depend  upon  the  loss  characteristics  of  the 
core.  In  general,  lower  loss  characteristics  in  the  core  require  higher 
quality  windings,  to  permit  measurements  at  higher  frequencies. 

SYMBOLS 
a         Hysteresis  resistance  coefficient. 
a  I        Hysteresis  loop  area;  =  ^aBm^  =  4TrW. 

=1  W.  Cauer,  Arch.  f.  Eleklrolechnik  15,  308  (1925). 
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A        Cross-sectional  area  of  magnetic  core;  cm.^ 

a         Permeability-magnetizing  force  coefficient;  =  AtoMmX. 

B         Instantaneous  flux  density  in  core;  gauss. 

Bm      Maximum  flux  density  in  core  subject  to  alternating  magnetizing 

force. 
c         Residual  resistance  coefficient. 
C        Distributed  capacitance  of  coil  winding;  farad. 
d         Effective  magnetic  diameter  of  annular  core;  cm. 
e         Eddy  current  resistance  coefficient  of  core. 
Cc        Eddy  current  resistance  coefficient  of  coil  winding. 
/  Frequency  of  alternating  current. 

G        Distributed  leakance  of  coil  winding;  mho. 
h  =  {aBm  +  c). 

H        Instantaneous  magnetizing  force  in  core;  oersted. 
Hm      Maximum   magnetizing   force   in   core   subject   to   alternating 

magnetizing  force. 
im        Maximum  of  alternating  current  wave  in  coil;  ampere. 
/         Effective  or  r.m.s.  current  in  coil. 

L        Inductance,  due  to  core  and  residual  air  space  only;  henry. 
Ld      Inductance  due  to  residual  air  space. 
La       Inductance  due  to  coil  with  air  core. 

Lm      Inductance  with  current  of  maximum  value  im  due  to  core  only. 
Lfm     Inductance  due  to  core  only,  with  current  of  maximum  value  im, 

at  frequency/  (i.e.,  subject  to  magnetic  shielding). 
Lo,8.    Total  inductance  observed  at  frequency  high  enough  to  give 

increases  due  to  distributed  capacitance  and  leakance  of 

the  coil  winding. 


Permeability-flux  density  coefficient;  = 


Mm    "~    Mo 


juo  Initial  permeability  of  core. 

)u»n  Permeability  corresponding  to  Lm. 

Hfm  Permeability  corresponding  to  L/m. 

p  Ratio  of  eddy  current  to   hysteresis  resistance   at  maximum 

frequency. 

P  Total  power  dissipated  in  core ;  watt. 

Pe  Eddy  current  power  dissipated  in  core. 

Pk  Hysteresis  power  dissipated  in  core. 

q  Fraction  of  core  loss  tolerated  as  error  due  to  capacitance, 

leakance,  and  copper  eddy  current  loss  in  winding. 

Q  Insulation  quality  factor  =  uC/G. 

R  Resistance  due  to  core  and  winding  only;  ohm. 

Re  Direct  current  resistance  of  copper  winding. 
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Rce  Eddy  current  resistance  of  copper  winding. 

Re  Eddy  current  resistance  due  to  core. 

Rh  Hysteresis  resistance  due  to  core. 

Rfm  Resistance  due  to  core  only,  corresponding  to  Lfm. 

Roha.  Total  resistance  corresponding  to  Lobs.. 

Ai?  Resistance  due  to  core  and  leakance  only. 

p  Resistivity  of  core  material;  abohm-cm. 

Pi  Ditto;  microhm-cm. 

/  Thickness  of  sheet,  diameter  of  wire,  or  r.m.s.  sphere  diameter 

of  magnetic  material ;  cm. 

d  Eddy  current  parameter;  =  2irt^fxof!p  for  sheet  material, 

W  Hysteresis  energy  dissipated  per  cycle  per  cubic  centimeter  of 

core;  erg. 


The  Present  Status  of  Ferromagnetic  Theory  * 

By  R.  M.  BOZORTH 

T~^  ISCOVERY  of  the  loadstone  and  some  of  its  magnetic  properties 
^-^  is  now  reputed  to  be  some  three  thousand  years  old.  During 
these  many  years  ferromagnetism  has  resisted  very  successfully  the 
attack  of  theorists,  and  even  at  the  present  time  theory  lags  far  behind 
experiment.  But  advances  in  theory  have  been  particularly  rapid 
during  the  last  five  or  ten  years;  the  author  describes  in  this  paper 
what  he  regards  as  the  high  points  of  this  progress. 

Not  until  the  last  quarter  of  the  last  century  was  any  considerable 
work  done  on  magnetic  materials.  During  this  period  data  were 
gathered  rapidly  until,  just  before  the  close  of  the  century,  an  excellent 
book  2  of  four  hundred  pages,  containing  practically  all  of  the  im- 
portant experimental  and  theoretical  facts,  was  written  by  J.  A. 
Ewing,  later  Sir  James  Ewing.  The  shape  of  the  magnetization  curves 
of  iron,  cobalt,  and  nickel,  the  existence  of  magnetic  saturation  and 
the  magnetic  transformation  temperature,  the  existence  and  some  of 
the  laws  of  hysteresis,  the  simpler  effects  of  stress  and  of  magneto- 
striction, together  with  the  important  methods  of  measurement — all 
were  known  then,  and  silicon  steel  had  just  been  invented. 

Strangely  enough,  during  the  next  fifteen  years  there  was  but  little 
advance  in  knowledge  of  magnetic  materials,  but  there  were  many 
applications  of  existing  knowledge  by  engineers  to  electrical  machinery, 
including  those  in  electrical  communication.  During  this  period,  also, 
the  Heusler  alloys  (non-ferrous  alloys  exhibiting  ferromagnetic  prop- 
erties) were  invented;  and  although  these  served  to  stimulate  those 
interested  in  the  theoretical  aspects  of  ferromagnetism,  still  there  was 
little  progress. 

Beginning  between  1915  and  1920  and  extending  to  the  present, 
there  has  been  a  rapid  development  on  both  the  experimental  and 
theoretical  sides  of  ferromagnetism.  To  illustrate  the  progress  that 
has  been  made  in  the  improvement  of  magnetic  materials.  Table  I 
has  been  prepared.  The  improvements  made  during  the  last  20  years 
have  resulted  from  new  methods  of  purification  of  the  materials,  new 

*  This  paper  as  herein  published  contains  a  few  revisions  and  additions  to  the 
paper  as  it  appeared  in  the  November  1935  issue  of  Electrical  Ettgweering.  It  is 
scheduled  for  presentation  at  the  A.  I.  E.  E.  Winter  Convention,  New  York,  N.  Y., 
January  28-31,  1936.  A  subsequent  paper  in  the  same  field  of  endeavor  is  planned 
in  which  entirely  new  material  will  be  presented. 
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TABLE   I 

Some  Extremes  in  the  Properties  of  Magnetic  Materials  Available  in  1915, 

AND  IN   1935 


Material 


Iron 

Iron-nickel  ".  .  .  . 

Silicon-iron 

Iron 

Iron-cobalt -nickel 
"permin\"ar".  . 

Iron-cobalt 

Tungsten  steel . . . 
New  K.  S.  steel .  . 


Property 


Maximum  permeability.  . 

Initial  permeability 

Coercive  force  in  oersteds. 


Maximum  permeability .  . 

Initial  permeability 

Coercive  force  in  oersteds . 


Initial  permeability. 


Hysteresis  at  Bj^  =  100  gausses,  in  ergs 
per  cm.3  per  cycle 


Hysteresis  at  5m  =  100  gausses,  in  ergs 
per  cm.'  per  cycle 


Saturation  value  in  gausses  •' 

Permeability  at  5  =  16,000  gausses. 


Coercive  force  ^  in  oersteds . 
Coercive  force  -^  in  oersteds. 


Value 
1915 


45,000" 
300 
0.311 

2,800' 
700' 
1.51" 

400 


20 


25,800 
2,100 

80 


Value 
1935 


340,00012 

20,00012 

0.03' 2 

600,000'5 

12,0001^ 

O.Ol's 

2,000'2 


0.1'= 


0.00003'* 

25,800 
19,000i8'  12 

80 
900 


Superior  numerals  refer  to  references  at  end  of  paper. 

compositions  (alloys),  and  new  methods  of  heat  treatment.  Some  of 
these  figures  refer  only  to  laboratory  specimens,  and  not  to  materials 
available  in  commercial  quantities. 

But  the  chief  topic  of  this  paper  is  the  theoretical  side  of  ferro- 
magnetism.  How  is  one  to  explain  the  different  values  of  magnetic 
permeability,  ranging  from  1  to  600,000  for  various  materials?  Or, 
to  consider  first  the  more  fundamental  questions,  what  is  the  ele- 
mentary magnetic  particle,  and  why  is  ferromagnetism  associated 
with  so  few  elements? 

Origin  of  Ferromagnetism 

It  was  suggested  by  Ampere  about  one  hundred  years  ago  that 
molecules  might  behave  as  magnets  because  of  the  electric  currents 
circulating  in  them.  Today,  with  the  advance  in  knowledge  of  atomic 
structure,  the  origin  of  ferromagnetism  can  be  discussed  in  more 
specific  terms.  Strangely  enough,  the  spectroscopists  have  supplied, 
so  to  speak,  the  elementary  magnetic  particle.  It  is  the  spinning 
electron.  In  order  to  explain  their  extensive  observations  on  spectral 
lines,  they  found  it  necessary  to  revise  the  picture  of  the  atom.  For 
some  time  it  has  been  supposed  that  an  atom  was  made  of  a  heavy 
nucleus  with  a  positive  charge  and  of  electrons  moving  in  circular 
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or  elliptical  orbits  around  the  nucleus.  To  this  picture  now  must 
be  added  the  idea  that  each  electron  itself  is  spinning  about  an  axis 
that  passes  through  its  center.  Thus,  there  is  circulation  of  electricity 
in  an  atom,  both  around  the  nucleus  and  within  each  electron— and 
the  latter  motion  is  called  the  "electron  spin"  because  of  its  similarity 
to  a  spinning  ball.  Each  electron  in  an  atom  is  then  a  small  gyroscope, 
possessing  a  definite  magnetic  moment  on  account  of  its  moving  elec- 
trical charge  and  a  definite  angular  momentum  on  account  of  its 
moving  mass.  The  ratio  of  these  two  quantities  is  known  from  various 
independent  lines  of  reasoning  and  evidence  to  possess  a  particular 
value.  Electrons  revolving  in  orbits  also  exhibit  both  magnetic  mo- 
ments and  angular  momenta  due  to  their  orbital  motions,  but  for 
these  the  ratio  is  just  half  what  it  is  for  the  spinning  electron. 

The  Barnett  experiment  ^^  shows  in  a  very  direct  way  the  existence 
of  these  magnetic  and  mechanical  moments  of  the  electron  and  con- 
firms the  ratio  between  them  in  ferromagnetic  materials  (Fig.  1).     A 


V/////////////////////A 


(_) 


(B) 


Fig.  1 — ^Gyroscopic  action  (left);  force  F  produces  rotation  R.     Gyromagnetic  effect 
(right);  field  H  produces  rotation  R. 

rod  of  iron  is  hung  from  a  fine  suspension  and  then  is  magnetized 
suddenly,  whereupon  the  rod  is  observed  to  turn,  twisting  the  suspend- 
ing fiber  a  minute  but  measurable  amount.  The  spinning  electrons 
responsible  for  ferromagnetism  have  been  turned  by  the  applied  field 
so  that  they  are  more  nearly  parallel  to  it;  but  the  mechanical  moment, 
which  is  also  a  property  of  those  same  electrons,  causes  the  whole  rod 
to  rotate  in  just  the  way  that  a  gyroscope  would.  Or,  'to  put  it  dif- 
ferently: When  the  elementary  magnets,  pointing  originally  in  all 
directions,  are  turned  more  nearly  into  parallelism  with  the  axis  of 
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the  rod  by  the  applied  field,  they  acquire  a  net  angular  momentum 
parallel  to  that  axis.  By  the  principle  that  action  must  be  balanced 
by  a  corresponding  reaction,  the  rod  itself  now  must  recoil  with  an 
equal  and  opposite  momentum;  it  is  this  last  that  manifests  itself  by 
the  sudden  twist  of  the  rod  and  may  be  calculated  from  the  measured 
value  of  the  twist.  Its  sign  shows  that  the  spinning  magnetic  particle 
is  charged  negatively,  and  its  magnitude  is  what  would  be  expected 
from  the  hypothesis  that  that  particle  is  a  spinning  electron.  Thus 
a  change  in  magnetization  is  fundamentally  a  change  in  the  direction 
of  the  spin  of  the  electrons  in  the  atom,  and  not  a  change  in  orientation 
of  the  whole  electron  orbit. 

The  next  question  is:  Why  is  not  every  substance  ferromagnetic? 
The  picture  of  the  atom  of  iron  as  now  envisioned  by  the  experts  in  this 
field,  is  represented  by  the  diagram  in  Fig.  2.     The  twenty-six  elec- 
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Fig.  2 — Electron  shells  in  the  iron  atom. 


trons  in  iron  are  divided  into  four  principal  "shells,"  each  shell  a  more 
or  less  well  defined  region  in  which  the  electrons  move  in  their  orbits, 
and  some  of  these  shells  are  subdivided.  The  first  (inner)  shell  con- 
tains two  electrons,  the  next  shell  eight,  the  next  fourteen,  and  the 
last  two.  As  the  periodic  system  of  the  elements  is  built  up  from  the 
lightest  element,  hydrogen,  the  formation  of  the  innermost  shells 
begins  first.  When  completed,  the  number  of  electrons  in  the  first 
four  shells  are  two,  eight,  eighteen,  and  thirty-two,  counting  outward, 
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but  the  maximum  number  in  each  shell  is  not  always  reached  before 
the  next  shell  begins  to  be  formed.  For  example,  when  formation 
of  the  fourth  shell  begins,  the  third  shell  contains  only  eight  electrons 
instead  of  eighteen;  it  is  the  subsequent  building  up  of  this  third 
shell  that  is  intimately  connected  with  ferromagnetism.  In  this  shell 
some  electrons  will  be  spinning  in  one  direction  and  others  in  the 
opposite,  and  these  two  senses  of  the  spins  may  be  conveniently 
referred  to  as  positive  and  negative.  The  numbers  inserted  in  Fig.  2 
show  how  many  electrons  are  present  in  each  shell  which  have  positive 
and  negative  spins,  and  it  may  be  noticed  that  in  the  iron  atom  all 
of  the  shells  except  the  third  contain  as  many  electrons  spinning  in 
one  direction  as  in  the  opposite.  The  magnetic  moments  of  the 
electrons  in  each  of  these  shells  mutually  compensate  one  another  so 
that  the  shell  is  magnetically  neutral  and  cannot  have  magnetic 
polarization.  In  the  third  shell,  however,  which  is  not  yet  filled  to 
this  extent,  there  are  five  electrons  with  a  positive  spin  and  one  with 
a  negative  so  that  four  electron  spins  are  (unbalanced  or)  uncom- 
pensated and  there  is  a  resultant  polarization  of  the  atom  as  a  whole. 
If  one  more  positive  charge  and  its  associated  mass  (a  proton)  be  added 
to  the  nucleus  and  one  more  electron  to  an  outer  shell,  the  iron  is  trans- 
formed into  cobalt;  and  by  repeating  the  process,  the  cobalt  is  trans- 
formed into  nickel.  In  iron  these  additional  electrons  and  their  spins 
are  so  oriented  that  there  is  what  may  be  called  an  excess  spin  of  four 
units  in  iron,  three  in  cobalt,  and  two  in  nickel.  In  manganese,  the 
element  just  preceding  iron  in  the  periodic  table,  there  is  an  excess  of 
five  spins.  Only  in  incomplete  shells  such  as  this,  shells  that  are  being 
filled  as  new  and  heavier  atoms  are  made,  is  there  such  excess  spin. 
The  completed  shells  are  magnetically  neutral  because  the  spins 
mutually  compensate  one  another. 

The  outermost  electrons  are  those  responsible  for  the  ordinary 
chemical  properties,  and  they  are  influenced  by  chemical  combination. 
They  do  not  contribute  to  ferromagnetism  for  reasons  that  will  appear 
later. 

Exchange  Forces 

Only  in  certain  parts  of  the  periodic  table  are  there  found  electrons 
being  added  to  inner  shells,  and  one  of  these  places  is  in  the  iron 
group;  but  since  there  are  other  parts,  notably  those  occupied  by  the 
palladium,  platinum,  and  rare  earth  metals,  where  these  inner  groups 
are  being  filled,  there  arises  the  further  question:  Why  are  not  these 
other  elements  also  ferromagnetic? 

For  an  element  to  be  ferromagnetic,  it  is  necessary  not  only  that 
there  be  uncompensated  spin  in  the  electron  orbits,  but  also  that  the 
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resultant  spins  in  neighboring  atoms  be  parallel.  Calculation  of  the 
energies  of  the  electrons  indicates  that  to  align  the  spins  in  all  the 
atoms  in  a  small  region,  the  diameter  of  an  atom  must  bear  the  proper 
ratio  to  the  diameter  of  the  electron  shell  in  which  the  electron  spins 
are  uncompensated  ^^  (Fig.  3).     This  proper  ratio  is  required  because 


I  n      ferromagnetic 

substances,    D/d  is 

greater     than     1.5 

(Slater) 

Fig.  3 — "Incomplete"  shells  in  neighboring  atoms. 

the  electron  spins  and  charges  influence  each  other  to  an  amount 
depending  upon  the  distance  between  them;  and  it  is  only  when  this 
influence,  which  is  known  technically  as  the  "exchange,"  has  the  right 
value  that  the  spins  all  can  be  aligned  in  the  same  direction,^^  that  is, 
that  the  material  can  become  ferromagnetic.^^ 

The  forces  of  "exchange,"  the  existence  of  which  has  been  realized 
only  in  the  last  few  years,  act  to  keep  the  spins  parallel,  while  thermal 
agitation  tends,  obviously,  to  disturb  this  alignment.  When  the 
temperature  is  high  enough,  the  temperature  agitation  prevails  and 
the  material  ceases  to  be  ferromagnetic.  This  temperature  is  the 
familiar  Curie  point,  or  magnetic  transformation  point,  770  degrees 
centigrade  (or  1,043  degrees  absolute)  for  iron.  It  is  seen  then  that 
the  height  of  the  Curie  point,  6  (on  the  absolute  temperature  scale)  is 
an  indication  of  the  strength  of  the  forces  of  exchange,  which  cannot 
yet  be  calculated  theoretically  except  as  to  order  of  magnitude.  These 
Curie  points  are  plotted  in  Fig.  4  for  the  elements  near  iron  in  the 
periodic  table;  if  a  continuous  curve  be  drawn  through  the  points,  it 
has  a  maximum  near  cobalt.  Now  the  saturation  value  of  magneti- 
zation depends  both  on  the  exchange  and  on  the  number  of  effective 
electron  spins,  that  is,  upon  the  number  of  electrons  that  can  be 
oriented  parallel  to  the  field  and  the  strength  of  the  forces  that  hold 
them  parallel.  In  a  very  rough  way,  it  may  be  said  to  depend  on  the 
product  of  the  exchange  and  the  number,  S,  of  uncompensated  spins 
in  the  atom.  Adopting  0  as  a  measure  of  the  exchange  forces  and 
forming  the  product  dS,  the  right-hand  curve  in  Fig.  4  is  obtained, 
which  indicates  that  the  highest  saturation  should  be  attained  in  an 
iron-cobalt  alloy,  and  that  under  certain  appropriate  conditions 
manganese  might  be  ferromagnetic.  Both  these  indications  are 
substantiated  by  the  data:  The  only  known  alloys  having  a  higher 
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saturation  value  than  pure  iron  are  the  iron-cobalt  alloys;  and  com- 
pounds and  alloys  of  manganese  are  more  magnetic  than  any  others 
that  do  not  contain  iron,  cobalt,  or  nickel.  The  Heusler  alloys,  com- 
posed of  manganese,  aluminum,  and  copper,  have  a  saturation  almost 
as  high  as  nickel,  and  numerous  compounds  of  manganese  are  ferro- 
magnetic in  a  less  degree. 

The  forces  of  exchange  are  purely  electrostatic  in  origin.  But  they 
are  not  electrostatic  in  the  classical  sense  of  the  word;  they  are  the 
result  of  electric  charges  distributed  in  space  in  a  definite  way.  It  does 
not  seem  to  be  possible  to  describe  them  easily  in  words,  for  it  takes  a 
great  many  mathematical  equations  to  derive  the  result,  which  is  a 
consequence  of  the  assumptions  of  quantum  mechanics.     These  forces 
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Fig.  4 — Iron-cobalt  alloys  ha\e  the  highest  value  of  saturation  magnetization. 


account  for  the  fact  that  it  is  easy  to  align  the  excess  spins  of  large  groups 
of  atoms  of  some  materials.  In  fact,  when  the  forces  of  exchange  are 
large  as  they  are  in  ferromagnetic  materials,  the  stable  situation  is  one 
in  which  the  spins  are  parallel,  even  when  no  magnetic  field  is  applied. 
But  the  parallelism  under  such  circumstances  does  not  extend  over 
the  whole  of  a  specimen  of  ordinary  or  even  of  visible  size;  for  some 
reason  not  understood  it  is  limited  to  smaller  regions.  On  the  average, 
those  regions  are  found  experimentally  to  have  the  volume  of  a  cube 
about  0.001  inch  on  an  edge.  An  actual  ferromagnetic  body  is  composed 
of  a  great  many  such  regions,  called  ''domains  "  each  domain  being 
magnetized  to  saturation  {i.e.,  electron  spins  parallel)  in  some  direction. 
When  the  material  is  said  to  be  unmagnetized,  the  domains  are  oriented 
equally  in  all  directions  so  that  the  magnetization  of  the  specimen  as 
a  whole  is  zero. 
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Experimental  evidence  of  thie  existence  of  these  domains  is  supplied 
by  the  so-called  "Barkhausen  effect"  (Fig.  5).  If  a  small  portion  of  a 
magnetization  curve  such  as  is  shown  in  Fig.  5  could  be  magnified  a 
billion  times,  it  would  be  seen  to  be  made  up  of  steps,  each  a  sudden 
change  in  magnetization  as  the  field  is  increase^d,  with  no  further 
change  until  the  field  reaches  a  certain  higher  value.  No  known 
apparatus  can  give  such  direct  magnification,  but  these  sudden  jumps 
can  be  detected  by  winding  a  coil  around  the  specimen  and  connecting 
its  ends  to  an  amplifier  at  the  output  of  which  is  a  pair  of  telephone 


Fig.  5 — Sudden  changes  in  magnetization  cause  the  Barkhausen  effect. 

receivers.  When  the  field  is  slowly  increased,  a  series  of  clicks,  or 
"noise,"  is  heard  in  the  receivers;  a  more  quantitative  method  shows 
that  the  average  click  corresponds  to  the  reversal  of  magnetization  in 
a  region  the  size  ^^  of  a  cube  0.001  inch  on  an  edge,  containing  10^* 
atoms.  Under  favorable  conditions  this  "Barkhausen  noise"  can  be 
heard  without  an  amplifier,  with  the  receivers  connected  directly  to  the 
coil. 

It  has  been  pointed  out  that  the  forces  of  exchange  are  opposed  by 
the  disordering  forces  of  temperature  agitation.  As  a  result,  the  satu- 
ration value  of  magnetization  decreases  continuously  as  the  temperature 
is  increased,  until  at  the  Curie  point  the  ferromagnetism  disappears. 
Data  for  saturation  at  various  temperatures  are  shown  in  Fig.  6, 
plotted  in  such  units  that  the  saturation  is  unity  at  the  absolute  zero 
of  temperature,  and  the  Curie  point  is  unity  on  the  temperature  axis. 
On  such  a  plot  it  is  found  that  the  data  for  iron,  cobalt,  and  nickel  fall 
close  together.     The  lower  curve  is   the  theoretical  one  calculated 
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thirty  years  ago  on  the  assumption  that  the  elementary  magnets, 
when  they  are  disturbed  by  temperature  agitation,  can  assume  any 
orientation.  If  it  be  assumed,  on  the  contrary,  that  the  spinning 
electrons  responsible  for  ferromagnetism  can  assume  only  two  orienta- 
tions with  respect  to  the  other  electrons  in  the  atom,  the  upper  curve  is 
the  result.  If  we  assume  that  four  orientations  are  possible  the 
calculated  curve  lies  close  to  the  upper  curve  of  Fig.  6,  but  somewhat 
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Fig.  6 — Dependence  on  temperature  of  the  saturation  magnetization  of  iron,  cobalt, 

and  nickel. 


below  it,  and  as  the  number  of  possible  orientations  is  increased  the 
curve  approaches  the  lower  one  shown  in  the  same  figure.  The  close 
agreement  between  the  data  and  the  upper  calculated  curve  is  of 
special  interest  because  the  spectroscopists  and  atomic  structure 
experts  have  come  independently,  each  group  from  its  own  data,  to  the 
conclusion  that  each  electron  in  an  atom  can  assume  only  a  small 
number  of  orientations  with  respect  to  the  rest  of  the  atom. 
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Effect  of  Crystal  Structure 

There  is  another  kind  of  force  that  must  be  postulated  in  order  to 
explain  the  properties  of  a  single  crystal.  Because  of  the  spinning 
electrons  which  it  contains,  and  also  because  of  their  orbital  motions, 
each  atom  may  be  regarded  as  a  small  magnet.  These  magnets  will 
influence  each  other  in  a  purely  magnetic  way,^'^  just  as  a  group  of  bar 
magnets  will;  and  in  a  crystal  it  may  be  readily  appreciated  that 
because  of  these  magnetic  forces  between  atoms  arranged  in  a  regular 
fashion,  some  directions  of  magnetization  are  more  stable  than  others. 
In  iron  the  most  stable  direction  is  observed  to  be  that  of  the  cube 
edge,  one  of  the  cubic  axes  of  the  crystal.  In  nickel  it  is  the  cube 
diagonal  (Fig.  7). 
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Fig.  7 — Magnetic  properties  and  crystal  structures  of  single  crystals  of  iron  and 
nickel  (Beck,  Honda  and  Kaya,  Webster). 


Ordinarily  a  piece  of  iron  is  composed  of  crystal  grains  each  one  of 
which  is  too  small  to  be  detected  by  the  naked  eye.  In  recent  years, 
however,  means  have  been  found  to  control  the  grain  size  of  all  the 
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common  metals,  and  single  grains  (i.e.,  single  crystals)  have  been 
prepared  which  are  so  large  that  experiments  may  be  performed  and 
data  collected  on  just  one  such  crystal. 

The  structure  of  a  single  crystal  of  iron  may  be  represented  by  a 
cube  with  an  atom  at  each  corner  and  one  in  the  center,  the  whole 
crystal  made  up  of  such  cubes  packed  together  face  to  face.  It  is 
found  experimentally  that  in  the  direction  of  an  edge  of  this  cube 
(called  by  the  crystallographers  a  [100]  direction)  the  magnetization 
curve  labeled  100  in  Fig.  7  is  obtained.^^  In  the  two  other  principal 
directions,  the  direction  of  a  face  diagonal  and  that  of  a  cube  diagonal, 
the  other  magnetization  curves  are  obtained,  as  shown.  The  difference 
in  the  initial  parts  of  the  magnetization  curves  is  negligible,  the  effects 
being  large  only  above  half  saturation. 

The  structure  of  nickel  may  be  represented  also  by  an  assemblage  of 
cubes,  but  the  atoms  are  arranged  in  a  different  manner,  being  at  the 
corners  of  the  cubes  and  the  centers  of  the  cube  faces  (Fig.  7).  The 
magnetization  curves  for  nickel  corresponding  to  the  same  three 
principal  directions  are  shown  also  in  Fig.  7,  and  it  may  be  seen  that 
the  curves  are  reversed  in  order  from  those  of  iron.  In  iron  the  [100] 
direction  is  said  to  be  the  direction  of  easy  magnetization  and  the  [111] 
the  direction  of  most  difficult  magnetization,  whereas  the  reverse  is 
true  in  nickel.  It  might  be  said  that  the  electrostatic  exchange  forces 
align  the  spins  parallel  to  each  other  and  that  the  crystal  forces  deter- 
mine the  particular  crystal  direction  along  which  they  shall  be  aligned. 
The  forces  of  exchange  are  so  powerful  that  they  are  able  to  align  the 
spins  of  a  group  of  atoms,  a  situation  that  in  the  absence  of  such 
exchange  forces  could  be  accomplished  at  room  temperature  only  by 
an  applied  field  of  10,000,000  oersteds.  On  the  other  hand,  the  crystal 
forces  are  so  feeble  that  it  takes  only  1,000  oersteds  to  redirect  the  spins 
of  an  entire  group  of  atoms  from  any  direction  to  any  other  direction. 
The  ratio  between  these  two  equivalent  fields  is  thus  10^  divided  by 
10^  or  10*. 

As  a  result  of  the  forces  of  exchange  and  the  magnetic  crystal  forces 
in  a  single  crystal  of  iron,  for  example,  the  situation  is  as  represented  in 
Fig.  8.  Even  when  the  crystal  is  apparently  unmagnetized,  or  de- 
magnetized, there  are  small  regions,  called  domains,  that  are  mag- 
netized to  saturation  in  one  of  the  six  equivalent  directions  of  the 
crystal  axes.  Actually,  the  domains  vary  considerably  in  size  and 
shape,  but  are  represented  conveniently  as  squares.  Each  of  the  six 
directions  is  equally  stable  and  equally  probable  when  no  field  is 
applied.  The  initial  effect  of  applying  a  magnetic  field  is  to  change  the 
direction  of  magnetization  from  one  stable  position  to  another,  thus 
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Fig.  8 — Domains  in  a  single  crystal  of  iron. 

increasing  the  resultant  magnetization  in  the  direction  of  the  field. 
These  changes  take  place  suddenly,  and  they  are  the  cause  of  the 
Barkhausen  effect;  each  sudden  change  in  orientation  of  a  domain 
accounts  for  one  step  in  the  magnified  magnetization  curve  shown  in 
Fig.  5,  or  for  one  click  heard  in  the  telephone  receiver  when  listening  to 
the  Barkhausen  effect. 

There  is  even  more  direct  evidence  of  the  existence  of  domains  in  a 
piece  of  iron.  The  iron  is  placed  under  a  microscope  with  a  magnifica- 
tion of  500,  and  is  covered  with  a  colloidal  suspension  of  iron  oxide.^' 
It  is  found  (Fig.  9)  that  the  colloidal  particles  are  concentrated  along 


(a) 


(b) 


(c) 


Fig.  9 — Powder-patterns  for  iron   (McKeehan  and  Ellmore):   (left)  field  outward; 
(middle)  demagnetized;  (right)  field  inward. 
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lines  determined  by  the  crystal  axes,  indicating  that  stray  magnetic 
fields  go  in  and  out  of  the  surface  just  as  if  some  sections  were  mag- 
netized differently  from  their  neighbors.  This  occurs  even  when  the 
iron  is  unmagnetized,  but  never  occurs  with  materials  that  are  not 
ferromagnetic. 

Now  consider  in  more  detail  by  what  processes  changes  in  magneti- 
zation occur.  Most  changes  are  attributable  to  the  reorientation  of 
electron  spins  in  domains,  from  one  direction  of  easy  magnetization 
to  another  (Fig.  10).     These  are  the  changes  that  take  place  over  the 
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Fig.  10 — As  the  magnetic  field  strength  increases,  domains  first  change  direction 
suddenly,  then  rotate  smoothly. 

large  central  portion  of  the  magnetization  curve.  In  general,  how- 
ever, it  is  obvious  that  this  process  is  complete  before  the  material  is 
saturated.  When  all  the  domains  are  magnetized  parallel  to  that 
direction  of  easy  magnetization  which  is  nearest  to  the  direction  of  the 
applied  field,  the  only  way  in  which  the  magnetization  can  be  increased 
further  is  by  rotating  the  electron  spins  in  each  domain  out  of  the 
stable  position  toward  the  field  direction.  Such  a  process  is  described 
loosely  as  the  "rotation  of  the  domain."     This  is  the  process  that 
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occurs  in  high  fields,  of  the  order  of  10  to  100  oersteds;  as  may  be  seen 
in  Fig.  7,  its  beginning  corresponds  to  the  place  where  the  curves 
suddenly  bend  over,  away  from  the  almost  vertical  section.  It  is 
only  when  the  field  is  applied  to  a  single  crystal  in  the  direction  of 
easiest  magnetization  that  this  last  process  is  avoided.  When  the 
field  is  applied  in  the  direction  of  most  difficult  magnetization,  the 
rotational  process  begins  at  a  field-strength  lower  than  in  any  other 
case. 

One  other  important  property  of  single  crystals  is  accounted  for  by 
this  picture.  This  property  is  evident  when  a  field  is  applied  to  a 
single  crystal  in  a  direction  not  parallel  to  a  principal  axis.  For 
example,  let  the  field  be  applied  30  degrees  from  a  cubic  axis  of  an  iron 
crystal,  as  indicated  in  Fig.  11  by  the  longest  arrow.     As  this  field  is 


CRYSTAL    AXIS      (EASY   MAGNETIZATION) 

Fig.  11 — Vectors  represent  B-H  in  iron,  increasing  in  magnitude  as  the  magnetic 
field  (H)  increases.  First  B-H  is  parallel  to  H  (1);  then  as  B-H  increases  it  deviates 
in  direction  from  //  (2);  and  finally  in  high  fields  is  again  parallel  to  H  (3). 


increased  from  zero,  the  magnetization  will  correspond  in  magnitude 
and  direction  to  the  other  arrows  shown.  First  it  is  parallel  to  the 
field,  but  as  the  field  increases  it  deviates  toward  a  direction  of  easy 
magnetization  until  finally  it  is  saturated  in  that  direction.  As  the 
field  is  increased  further,  the  magnetization  approaches  again  the 
direction  of  the  field  and  finally  is  saturated  in  this  direction.     Theory 
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agrees  with  experiment  in  that  it  predicts  ''*'  the  direction  and  amount 
of  the  deviation  of  B  from  II  for  any  given  value  of  B. 

The  two  ways  of  changing  magnetization  that  have  been  described 
for  single  crystals,  namely  sudden  changes  to  new  directions  of  easy 
magnetization,  and  continuous  rotation  of  domains,  apply  equally 
well  to  ordinary  polycrystalline  material,  the  properties  of  the  latter 
being  those  of  the  former  averaged  for  all  orientations.  One  result 
of  this  averaging,  of  course,  is  that  the  specimen  is  now  isotropic  and  B 
is  parallel  to  H. 

These  last  remarks  must  be  qualified,  for  the  magnetic  materials 
used  by  engineers  are  not  always  isotropic,  that  is,  the  crystal  axes  are 
not  always  distributed  equally  in  all  directions.  It  has  been  known 
for  many  years  that  when  a  metal  sheet  is  rolled,  the  crystals  composing 
it  tend  to  be  oriented  in  special  ways  with  respect  to  the  direction  of 
rolling  and  to  the  rolling  plane.  Even  after  the  sheet  has  been  an- 
nealed and  recrystallized,  these  special  orientations  exist,  in  some 
metals  all  the  way  up  to  the  melting  point.  Since  the  magnetic 
properties  depend  on  the  crystal  direction  in  a  single  crystal,  it  follows 
that  sheets  composed  of  crystals  having  special  orientations  will  not 
have  the  same  magnetic  properties  in  all  directions.  This  was  ob- 
served some  years  ago  in  iron,  nickel,  and  iron-nickel  alloys.'^  More 
recently,  there  has  appeared  on  the  market  a  silicon-iron  ^^  alloy  for 
which  the  permeabilities  in  different  directions  are  markedly  dififerent. 
Measured  parallel  to  the  direction  of  rolling  this  material  has  a  per- 
meability in  high  fields  {B  =  15,000  gausses)  of  4,000,  while  measured 
at  right  angles  to  the  direction  of  rolling  the  permeability  is  only  400. 
X-ray  analysis  shows  ^^  that  the  crystals  in  this  material  are  aligned 
so  that  most  of  them  have  a  cubic  axis  lying  within  a  few  degrees  of  the 
direction  of  rolling.  Thus  the  direction  of  rolling  coincides  with  the 
direction  of  easy  magnetization. 

In  considering  the  properties  of  single  crystals,  the  properties  in 
very  low  fields  have  not  been  considered,  chiefly  because  precise  data 
for  single  crystals  are  very  difficult  to  obtain.  The  process  that  occurs 
in  this  region  in  single  crystals  and  polycrystals  must  be  different  from 
either  of  the  two  so  far  considered,  because  in  ordinary  polycrystalline 
material  there  are  no  discontinuities  in  magnetization,  i.e.,  no  Bark- 
hausen  effect,  and  also  the  fields  are  not  strong  enough  to  rotate  the 
domains  to  any  significant  extent  against  the  crystal  forces,  out  of  a 
direction  of  easy  magnetization.  Knowing  the  relation  between 
magnetic  force  and  angular  displacement  in  high  fields,  it  is  calculated 
that  if  this  same  mechanism  applied  to  changes  in  magnetization  in 
very  low  fields  the  highest  value  of  initial  permeability  in  iron  would 
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be  about  20  instead  of  many  thousands.  In  the  past  the  process 
occurring  in  low  fields  has  been  the  cause  of  much  speculation,  but 
recently  a  satisfactory  explanation  seems  to  have  been  found.*  The 
changes  that  take  place  here  are  visualized  as  displacements  of  the 
boundaries  of  domains  (Fig.  12);  the  transition  region  of  a  few  atom 
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Fig.  12 — Magnetization  in  very  low  fields  progresses  by  slight  displacement  of  domain 

boundaries  (Becker). 

diameters  (calculated  from  the  forces  of  exchange  to  be  about  30 
atom-diameters '')  moves  so  as  to  enlarge  a  domain  magnetized  in  the 
direction  of  the  field  at  the  expense  of  a  domain  pointing  in  a  less 
favorable  direction.  Such  a  movement  can  progress  for  only  a  short 
distance  compared  with  the  linear  dimensions  of  a  domain,  and  is 
limited  by  the  strains  present  in  any  actual  material. 

Thus  in  the  magnetization  of  an  ordinary  well-annealed  ferromag- 
netic material  three  processes  occur,  corresponding  to  the  three  well 
known  sections  of  the  magnetization  curve  (Fig.  13) :  growth  of  one 


Fig.  13 — Illustrating  the  three  kinds  of  change  in  magnetization. 
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domain  at  the  expense  of  a  neighboring  one  in  the  initial  portion  of  the 
curve,  sudden  changes  of  direction  of  domains  (with  resulting  large 
energy  losses)  in  the  middle  portion,  and  continuous  or  smooth  rotation 
of  the  domains  in  the  upper  portion.  The  latter  two  processes  occur 
during  the  traversal  of  a  large  hysteresis  loop  with  tips  at  high  flux 
densities;  the  first  process  is  important  only  in  low  fields  after  de- 
magnetization. 

Effect  of  Strain 

This  picture  of  the  changes  in  magnetization  has  been  made  for 
materials  that  are  free  from  any  considerable  strain.  As  a  matter  of 
fact,  strain  can  affect  magnetization  in  an  important  way,  and  under 
certain  circumstances  a  tensile  stress  of  5,000  pounds  per  square  inch 
may  change  the  flux  density  B  as  much  as  10,000  gausses  ^■' — almost 
from  zero  magnetization  to  saturation   (Fig.   14).     The  effect  is  il- 
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Fig.  14 — Effect  of  tension  on  magnetization  (Buckley  and  McKeehan). 


lustrated  well  by  data  for  65  and  85  permalloy  (iron-nickel  alloys 
containing,  respectively,  65  and  85  per  cent  nickel).  For  65  permalloy 
the  effect  of  tension  is  to  increase  the  magnetization  in  all  fields;  for 
85  permalloy  the  effect  is  the  opposite;  and  in  each  case  the  effect  of 
compression  is  opposite  to  that  of  tension.  For  ordinary  iron  the 
effect  of  tension  is  to  increase  the  magnetization  in  small  fields,  but  to 
decrease  it  in  high  fields. 

The  effect  of  strain  on  magnetization  has  its  counterpart  in  an  effect 
of  magnetization  on  the  length  of  a  piece  of  ferromagnetic  material. 
When  a  rod  of  iron  is  magnetized  its  length  increases  by  a  small 
amount.     This  is  but  one  example  of  a  large  class  of  effects  exhibited 
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by  all  ferromagnetic  bodies  and  known  collectively  as  "magneto- 
striction." Figure  15  shows  the  data  for  change  in  length  of  rods  of 
nickel,  iron,  and  two  alloys,  plotted  against  the  field  H on  the  one  hand 
and  against  relative  B-H  on  the  other.  When  saturation  of  mag- 
netization is  reached,  the  limiting  value  of  magnetostriction,  called 
"saturation  magnetostriction,"  also  is  attained.     Its  values  for  some 
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Fig.  15 — Magnetostriction  in  iron,  nickel,  and  two  iron-nickel  alloys  (permalloys). 

iron-nickel  alloys  are  shown  in  Fig.  16.  Note  here  that  the  change  in 
length  is  an  extension  in  the  alloys  containing  less  than  81  per  cent 
nickel,  a  contraction  otherwise.  There  is  a  close  relation  between 
magnetostriction  and  the  effect  of  strain  on  magnetization,  it  being  a 
general  rule  that  when  the  magnetostriction  is  positive  (increase  in 
length  with  magnetization)  the  effect  of  tension  is  to  increase  mag- 
netization, and  vice  versa  (Figs.  14,  15,  and  16). 

How  much  can  theory  say  of  magnetostriction  and  the  effect  of 
strain  on  magnetic  properties?  Figure  17  shows  how  the  atoms  are 
arranged  in  an  iron  crystal ;  each  atom  here  is  supposed  to  have  a 
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Schulze). 


definite  magnetic  moment  as  a  result  of  the  spin  and  orbital  motion  of 
the  electrons.  This  supposition  makes  it  possible  to  calculate  the 
magnitude  of  the  mutual  magnetic  forces  which  are  opposed  by  the 
elastic  forces  holding  the  crystal  together.  For  iron,  the  calculations  ^ 
indicate  that  equilibrium  is  reached  when  there  has  been  a  slight 
increase  in  length  in  the  direction  of  magnetization  and  a  decrease  in 
length  at  right  angles  to  this  direction  such  that  the  volume  remains 
practically  unchanged.  This  calculated  magnetostriction  is  in  agree- 
ment with  experiment  as  to  sign  and  order  of  magnitude.  With 
nickel  the  agreement  is  not  so  satisfactory.  But  in  each  case  the 
theory  is  clear  in  predicting  the  proper  qualitative  relationship  between 
magnetostriction  and  change  in  magnetization  caused  by  strain. 


Fig.  17 — The  magnetic  forces  between  atoms  cause  a  slight  elongation  in  iron 

(magnetostriction) . 
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Thus  magnetostriction  and  the  magnetic  effects  of  strain  are  re- 
ciprocal properties,  and  result  from  the  same  kind  of  magnetic  forces 
between  atoms  as  those  that  account  for  the  variation  in  magnetic 
properties  in  dififerent  directions  in  a  crystal.  Just  as  the  crystal 
structure  determines  a  direction  of  easy  magnetization  in  a  strain-free 
cr>^stal,  so  the  strain  controls  the  direction  of  easy  magnetization  when 
the  strain  is  sufficiently  great.     Figure  18  shows  how  the  domains  are 
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Fig.  18 — Domains  are  oriented  by  crystal  forces  and  by  strain;  H  =  0. 

magnetized  parallel  to  the  crystal  axes  in  unstrained  iron,  and  how  a 
sufficiently  large  tension  will  orient  the  magnetization  parallel  to  the 
direction  of  tension  in  iron  and  at  right  angles  to  the  direction  of  tension 
in  nickel.  When  the  stress  is  as  large  as  10,000  to  30,000  pounds  per 
square  inch,  the  strain  effect  begins  to  predominate  over  the  crystal 
effect  and  the  direction  of  magnetization  is  determined  mainly  by  the 
strain.  The  calculations  show  also  that  in  a  material  having  positive 
magnetostriction  the  magnetization  is  increased  by  tension.  In  a 
qualitative  way  these  considerations  explain  the  increase  in  perme- 
ability of  65  permalloy  (having  positive  magnetostriction)  and  the 
decrease  in  85  permalloy  (with  negative  magnetostriction).  But  so  far 
the  theory  is  quite  inadequate  to  predict  the  magnitude  of  the  effect. 
In  addition  to  uniaxial  homogeneous  strains,  such  as  those  pro- 
duced by  stretching  a  wire  in  the  direction  of  its  length,  random 
(heterogeneous)  strains  are  often  found  that  vary  in  magnitude,  sign, 
and  direction  from  point  to  point  throughout  a  material.  Such  strains 
are  produced  by  cold  working,  phase  transformations,  and  the  like.  In 
such  materials  the  direction  of  magnetization  in  a  domain  is  deter- 
mined by  the  local  strain,  and  is  more  stable  the  larger  the  strain.  So  it 
can  be  appreciated  that  it  is  harder  to  change  the  magnetization  of  a 
material  that  is  more  severely  hard  worked.  These  internal  strains  are 
the  same  ones  that  contribute  to  the  hardness  of  a  metal — hence  the 
parallelism  between  magnetic  hardness  and  mechanical  hardness, 
\\hich  is  so  well  known. 
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This  relation  between  internal  strain  and  permeability  is  illustrated 
by  the  data  ^*  shown  in  Fig.  19.  The  permeabilities  of  a  series  of 
specimens  of  70  permalloy  tape,  originally  cold  rolled,  increase  as  the 
annealing  temperature  is  raised.  X-ray  data  (the  angular  width  of  the 
reflected  X-ray  beam)  on  these  same  specimens  indicate  the  magnitude 
of  the  internal  strains  existing,  and  show  that  they  become  progres- 
sively less  as  the  annealing  temperature  is  increased,  the  most  rapid 
change  taking  place  in  each  case  between  400  and  600  degrees  centi- 
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Fig.  19 — Magnetic  permeability  rises  as  internal  strain  is  diminished  by  annealing 

(Dillinger  and  Haworth). 


grade,   in   which   region   the   microscope  shows   recrystallization   has 
occurred. 

Following  out  this  same  idea,  it  may  be  surmised  that  to  make  good 
material  for  a  permanent  magnet  something  with  very  intense  internal 
strains  is  required.  The  direct  determination  by  X-rays  of  internal 
strain  in  a  good  permanent  magnet,  confirms  this  view  (Fig.  20). 
Here  the  widths  of  the  reflected  X-ray  beams  directly  measure  the 
internal  strains.  For  comparison  with  the  permanent  magnet  ma- 
terial, curves  are  shown  for  other  materials  with  less  internal  strain. 
The  magnet  material  in  this  case  was  an  iron-nickel-aluminum  alloy 
that  was  precipitation-hardened,  a  method  used  more  and  more 
extensively  during  the  last  three  or  four  years  for  such  materials. 
This  method  is  often  applicable  when  the  alloy  ^^  in  the  stable  condition 
consists  of  two  phases  at  room  temperature  (Fig.  21),  but  when  at  a 
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Fig.  20 — The  width  of  X-ray  reflections  indicates  the  amount  of  internal  strain. 
Ordinates,  intensity  of  X-rays  reflected  from  metal  surface;  abscissas,  angle  of 
reflection. 
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Fig.  21- 


-Precipitation  hardening  of  an  alloy  for  a  permanent  magnet,  such  as  an 
alloy  of  iron,  nickel,  and  aluminum. 
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higher  temperature  the  one  phase  dissolves  completely  in  the  other  to 
form  a  solid  solution.  In  making  the  material,  it  is  quenched  rapidly 
from  a  high  temperature  and  then  reheated  to  700  degrees  centigrade, 
at  which  point  the  second  phase  precipitates  slowly  in  very  finely 
divided  form.  When  the  optimum  amount  has  precipitated,  the 
material  is  cooled  to  room  temperature,  no  more  changes  occurring. 
Each  submicroscopic  precipitated  particle  is  a  center  of  strain,  and  it 
is  the  presence  of  these  unusually  large  internal  strains  that  is  respon- 
sible for  the  good  quality  of  the  permanent  magnet. 
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Fig.  22 — Permeability  curves  of  ordinary  iron  and  of  iron  purified  by  heat  treatment 
in  hydrogen  at  1,500  degrees  centigrade  (Cioffi). 

Going  now  to  the  other  extreme,  where  ease  of  magnetization  is 
required,  it  is  known,  of  course,  that  thorough  annealing  and  a  homo- 
geneous structure  are  beneficial.  Still  there  are  at  least  two  sorts  of 
strains  that  annealing  will  not  relieve.  One  is  that  attributable  to  the 
non-metallic  chemical  impurities  that  do  not  fit  into  the  regular 
arrangement  of  atoms  in  a  pure  metal  or  alloy.  It  has  been  found 
recently  that  by  heat  treating  iron  in  hydrogen  at  about  1,500  degrees 
centigrade  the  non-metallic  impurities  are  largely  removed,  and  that 
what  are  called  "chemical  strains"  are  much  reduced.  As  a  result  it  is 
found  (Fig.  22)  that  the  maximum  permeability  increases  from  10,000 
to  340, 000, '2  and  a  large  reduction  in  mechanical  hardness  occurs 
simultaneously. 
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After  the  chemical  strains  and  the  strains  resulting  from  cold  working 
have  been  removed,  there  is  still  another  kind  of  residual  strain — that 
attributable  to  magnetostriction.  These  are  ordinarily  random  in 
direction  because  they  are  associated  with  randomly  oriented  domains, 
but  by  a  suitable  trick  they  all  can  be  oriented  so  as  to  favor  magnet- 
ization in  a  single  desired  direction  at  the  expense  of  ease  of  magnet- 
ization at  right  angles.  This  trick  is  heat  treatment  in  the  presence  of 
a  magnetic  field.  Without  going  into  a  more  detailed  explanation,  the 
experimental  results  obtained  ^*  about  two  years  ago  will  be  given. 

When  an  annealed  specimen  of  65  permalloy  is  heated  for  a  few 
minutes  at  650  degrees  centigrade  while  it  is  subjected  to  a  magnetic 
field  of  10  oersteds,  the  maximum  permeability  is  increased  from  about 
20,000  to  over  600,000  as  shown  in  Fig.  23.     This  material  holds  the 
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Fig.  23 — Permeability  curves  of  65  permalloy  after  heat  treatment  in  hydrogen  and 
additional  heat  treatment  in  a  magnetic  field  (Dillinger  and  Bozorth). 


records  for  the  highest  maximum  permeability,  the  lowest  coercive 
force,  and  the  lowest  hysteresis  loss  at  high  flux  densities.  It  may  be 
compared  with  the  most  permeable  material  known  in  1900,  iron  with 
a  maximum  permeability  of  less  than  3,000. 
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So  far  only  the  effects  of  stress  on  the  orientation  of  domains  in 
medium  and  high  fields  have  been  considered.  But  stress  has  an 
effect  on  the  initial  permeability  also.  It  has  been  said  already  that  in 
ver>'  weak  fields  a  change  in  magnetization  is  attributed  to  a  movement 
of  the  boundaries  between  domains,  the  domains  oriented  nearly 
parallel  to  the  field  growing  at  the  expense  of  adjacent  domains 
oriented  in  less  favorable  directions.  Such  a  growth  obviously  may 
be  hindered  by  strain.  A  relation  has  been  derived  "  connecting  the 
initial  permeability  with  the  internal  stress  and  other  magnetic 
quantities: 

_  0.018(^  -  jj-)^at. 

where  mo  is  the  initial  permeability,  (B  —  H)sat.  and  (^//Osat.  are  the 
(ferric)  induction  and  magnetostriction  at  saturation,  and  ai  is  the 
average  value  of  the  internal  stress  in  dynes  per  square  centimeter. 

Even  when  there  are  no  internal  strains  caused  by  impurities,  in- 
sufficient annealing,  etc.,  there  generally  will  be  the  strains  of  magneto- 
striction itself,  and  these  will  hinder  the  growth  of  one  domain  at  the 
expense  of  another  (Fig.  24).     In  this  case  the  stress  in  the  foregoing 
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Fig.  24 — Magnetostriction  in  the  shaded  region  acts  as  a  barrier  to  further  change  In 

magnetization. 

equation  is  equal  to  Young's  modulus,  E,  multiplied  by  the  magneto- 
strictive  strain, 

<Ti   =   £(A///)sat. 

and  the  former  equation  becomes 


Mo  = 


0.018(5 


{my 


This  equation  really  gives  a  theoretical  upper  limit  for  hq.  These 
theoretical  limits  and  the  highest  observed  values  for  iron-nickel  alloys 
are  shown  in  Fig.  25.  This  indicates  why  the  composition  of  the 
"permalloy"  having  the  highest  initial  permeability  is  very  nearly 
the  same  us  that  for  which  the  magnetostriction  is  zero. 
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Fig.  25 — Comparison  of  the  theoretical  upper  limit  of  initial  permeability  (Ker- 
sten)  with  the  highest  initial  permeabilities  observed  for  iron-nickel  alloys  (Arnold 
and  Elmen,  Schulze). 

The  efifects  of  strain  will  now  be  summarized  briefly.  The  origin 
of  the  efi'ects  Hes  in  the  magnetic  action  between  neighboring  atoms. 
The  magnetic  action  is  balanced  by  the  elastic  (electrostatic)  forces 
between  atoms.  The  balance  of  these  forces  results  in  a  change  in 
shape  of  the  magnetic  body  when  it  is  magnetized  (magnetostriction), 
and  also  a  change  in  magnetization  resulting  from  strain  (strain- 
sensitivity).  Magnetization  may  be  either  aided  or  hindered  by  a 
homogeneous  uniaxial  strain,  the  effect  depending  on  the  mag- 
netostriction in  a  way  that  can  be  estimated  qualitatively  but  not 
quantitatively.  But  material  in  which  local  strains  are  directed  at 
random  is  more  difficult  to  magnetize  because  the  strains  prevent  a 
change  in  magnetization;  and  the  more  intense  such  strains  are,  the 
harder  the  material  is  to  magnetize  or  demagnetize.  The  effect  of  local 
strains  upon  the  initial  permeability  can  be  calculated  with  fair  success, 
but  other  magnetic  quantities,  such  as  maximum  permeability,  can 
as  yet  be  estimated  in  a  qualitative  way  only. 


PRESENT  STATUS  OF  FERROMAGNETIC  THEORY  89 

Summary 

In  concluding  the  author  wishes  to  go  back  from  here  to  summarize 
what  is  known  about  the  origin  of  the  forces  responsible  for  the  various 
magnetic  properties  and  about  the  sizes  of  the  various  units.  This 
information  is  summarized  in  Table  II. 

TABLE   II 

Summary  of  D.\ta  Regarding  Origin   of  Forces  Responsible  for  Various 

Magnetic  Properties 


Unit  Concerned 


Property 


Origin  of  Property 


Size  of  Magnetic  Unit 


Electron 


Paramagnetic  atom 


Domain 


Single  crystal  or 
region  of  homo- 
geneous strain 

Polycrystal 


Magnetic  moment 


Magnetic  moment 


Ferromagnetism. 
Change   in    proper- 
ties at  Curie  point 

Cr>'stal  anisotropy. 
Magnetostriction. 
Strain  sensitivity 

Orientation-aver- 
age  of  single  crys- 
tals and  strain 
units 


Electron  spin 


Uncompensated 
spins  and  orbital 
motions    of    elec- 
trons 


"Exchange"  be- 
tween electrons  in 
neighboring  atoms 

Magnetic  forces  be- 
tween atoms 


Sum  of  effects  of 
single  crystals  and 
strains 


One  unit  of  spin  per 
electron 

4,  3,  and  2  uncom- 
pensated spins  per 
atom  in  Iron,  Co- 
balt and  Nickel, 
respectively 

Volume  of  domain 
isabout  (0.001 
inch)' 

10*  domains  per 
cubic  centimeter 


Size  of  specimen 


Acknowledgment 

I  take  pleasure  in  acknowledging  the  detailed  criticisms  given  by 
Dr.  K.  K.  Darrow,  and  also  the  more  general  criticism  given  by  Dr. 
O.  E.  Buckley  during  the  preparation  of  this  paper. 

Referenxes 

Most  of  the  material  used  in  this  article  can  be  found  in  more  technical  form  in 
the  following  books  and  summarizing  articles.  For  some  topics  reference  must  be 
made  to  the  original  works,  as  indicated  in  the  text. 


Books 


1.  "Magnetism  and  Matter,"  E.  C.  Stoner.     Methuen.  London,  1934. 

2.  "Magnetic  Induction  in  Iron  and  Other  Metals,"  J.  A.  Ewing.     Electrician, 

London,  3d  ed.,  1900. 

3.  "Magnetic  Properties  of  Matter,"  K.  Honda.     Syokwabo,  Tokyo,  1928. 

4.  "Die   ferromagnetischen    Legierungen,"    W.    S.    Messkin    and    A.    Kussmann. 

Springer,  Berlin,  1932. 


90  BELL  SYSTEM  TECHNICAL  JOURNAL 

Recent  Summarizing  Articles 

5.  "Theorie  der  Elektricitat,"  R.  Becker.     Teubner,  Leipzig,  chap.  4,  v.  2,  1933. 

6.  "Magnetisms,"  R.  Becker  and  R.  LandshofF,  Die  Physik,  3,  No.  2,  1935,  p. 

100-8. 

7.  "Handbuch  der  Radiologic,"  F.  Bloch.     Akad.  Verlag.,  Leipzig,  2d  ed.,  v.  6, 

pt.  2,  1934,  p.  604. 

8.  "Handbuch  der  Physik"  (Geiger  u.  Scheel),  H.  Bethe.     Springer,  Berh'n,  2d  ed., 

V.  24,  pt.  2,  1933,  p.  585. 

9.  "Stand  der  Forschung  und  Entwicklung  auf  dem  Gebiet  der  ferromagnetischen 

Werkstoflfe,"   A.   Kussmann.     Archiv.  fiir  Elektrotechnik,  29,   May  1935,   p. 
297-32. 
10.  "Magnetic  Materials,"  W.  C.  Ellis  and  E.  E.  Schumacher.     Metals  and  Alloys, 
5,  Dec.  1934,  p.  269-74,  and  6,  Jan.  1935,  p.  26-9. 

Original  Sources 

1 1    "The  Magnetic  Properties  of  Some  Iron  Alloys  Melted  in  Vacuo,"  T.  D.  Vensen. 
A.  I.  E.  E.  Trans.,  34,  1915,  p.  2601-41. 

12.  "New  High  Permeabilities  in  Hydrogen  Treated  Iron,"  P.  P.  Cioffi.     Phys.  Rev., 

45,  May  15,  1934,  p.  742;  and  unpublished  data. 

13.  These  are  without  additions  of  other  elements  except  for  deoxidation.     With 

additions  of  copper  and  molybdenum,  material  with  initial  permeability  as 
high  as  40,000  has  been  reported  by  H.  Neumann.  Arch.  f.  tech.  Mess.,  4, 
Dec.  1934,  T-168. 

14.  "The  Magnetic  and   Electrical   Properties  of  the  Iron-Nickel   Alloys,"   C.   F. 

Burgess  and  J.  Aston.     Met.  and  Chem.  Engg.,  8,  Jan.  1910,  p.  23-6. 

15.  "Heat  Treatment  of  Magnetic  Materials  in  a  Magnetic  Field,"  J.  F.  Dillinger 

and  R.  M.  Bozorth.  Physics,  6,  Sept.  1935,_  p.  279-91.  See  also  earlier 
paper  "Permeability  Changes  in  Ferromagnetic  Materials  Heat  Treated  in 
Magnetic  Fields,"  G.  A.  Kelsall.     Physics,  5,  July  1934,  p.  169-72. 

16.  G.  Panebianco,  Rend.  d.  Napoli,  16,  1910,  p.  216. 

17.  "Permalloy,  an  Alloy  of  Remarkable  Magnetic  Properties,"  H.  D.  Arnold  and 

G.  W.  Elmen.     Franklin  Inst.  Jour.,  195,  May  1923,  p.  621-32. 

18.  "Magnetic  Properties  of  Perminvar,"  G.  W.  Elmen.     Franklin  Inst.  Jour.,  206, 

Sept.  1928,  p.  317-38. 

19.  "Saturation  Value  of  the  Intensity  of  Magnetization  and  the  Theory  of  the 

Hysteresis  Loop,"  E.  H.  Williams.     Phys.  Rev.,  6,  Nov.  1915,  p.  404-9. 

20.  "The  Iron  Cobalt  Alloy,  FejCo,  and  Its  Magnetic  Properties,"  T.  D.  Yensen. 

Gen.  Elec.  Rev.,  19,  Sept.  1915,  p.  881-7. 

21.  "New  K.  S.  Permanent  Magnetic"  (in  English),  K.  Honda,  H.  Masumoto,  and 

Y.  Shirakawa.     Science  Rep.,  Tohoku  Imp.  Univ.,  23,  1934,  p.  365-73. 

22.  S.  J.  Barnett,  Rev.  Mod.  Phvsics,  7,  1934,  p.  129. 

23.  "Atomic  Shielding  Constants,"  J.  C.  Slater.     Phys.  Rev.,  36,  July  1930,  p.  57-64. 

See  also  ref.  8. 

24.  "Zur  Theorie  des  Ferromagnetismus,"  W.  Heisenberg.     Zeit.  Physik,  49,  July 

1928,  p.  619-36. 

25.  In  a  recent  paper  G.  Urbain,  P.  Weiss  and  F.  Trombe,  Compt.  Rend.,  200,  1935, 

p.  2132,  report  that  the  rare-earth  metal  gadolinium  is  ferromagnetic.  For 
this  substance  in  the  metallic  state  Djd  is  about  3,  in  accordance  with  Slater's 
rule  (see  Fig.  3).  This  usually  high  value  of  Djd  indicates  that  gadolinium 
should  have  a  low  Curie  point,  which  in  fact  is  observed  to  be  16  degrees 
centigrade. 

26.  "Barkhausen  Effect,  II. — Determination  of  the  Average  Size  of  the  Discon- 

tinuities in  Magnetization,"  R.  M.  Bozorth  and  J.  F.  Dillinger.  Phys.  Rev., 
35,  April  1,  1930,  p.  733-52. 

27.  "Zur  Theorie  der   Magnetisierungskurve   von   Einkristrallen,"   N.  S.   Akulov. 

Zeit.  Physik,  67,  1931,  p.  794.  See  also  "A  Contribution  to  the  Theory  of 
Ferromagnetic  Crystals,"  G.  Mahajani.  Phil.  Trans.  Roy.  Soc,  228A,  1929, 
p.  63-114,  and  reference  5. 

28.  Here  the  ordinates  are  B-H  instead  of  the  more  usual  B,  since  the  former  ap- 

proaches a  limiting  "saturation"  value.  B-H  sometimes  is  referred  to  as 
"ferric  induction." 


PRESENT  STATUS  OF   FERROMAGNETIC   THEORY  91 

29.  "Surface   Magnetization   in   Ferromagnetic   Crystals,"   L.   W.   McKeehan   and 

\y.  C.  Elmore.  Phys.  Rev.,  46,  Aug.  1,  1934,  p.  226-8,  and  private  communica- 
tion. See  also  the  earlier  experiments  of  L.  v.  Hamos  and  P.  A.  Thiessen, 
"Uber  die  Sichtbarmachung  von  Bezirken  verschiedenen  ferromagnetischen 
Zustandes  fester  Korper,"  Zeit.  Phys.,  75,  1932,  p.  562,  and  "Experiments 
on  the  Nature  of  Ferromagnetism,"  F.  Bitter.  Phys.  Rev.,  41,  Aug.  15 
1932,  p.  507-15. 

30.  "The  Theory  of  the  Ferromagnetic  Anisotropy  of  Single  Crystals,"    R.   M. 

Bozorth.     Phys.  Rev.,  42,  Dec.  15,  1932,  p.  882-9. 

31.  "Anisotropie  in   magnetischen   Werkstoffen,"   O.    Dahl   and   F.   Pfafifenberger. 

Zeil.  Phys.,  71,  Aug.  1931,  p.  93-105. 
M.  "Discussion  on  the  Influence  of  Grain  Size  on  Magnetic  Properties,"    N.    P 

Goss.     Trans.  A.  S.  Metals,  22,  Dec.  1934,  p.  1133-9. 
^3.  "The  Orientation  of  Crystals  in  Silicon  Iron,"  R.  M.  Bozorth,   Trans.  A.  S. 

Metals,  23,  Dec.  1935,  p.  1107-11. 

34.  "Effect  of  Tension  Upon  Magnetization  and  Magnetic  Hysteresis  in  Permalloy," 

O.  E.  Buckley  and  L.  W.  McKeehan.     Phys.  Rev.,  26,  Aug.  1925,  p.  261-73. 

35.  J.  F.  Dillinger  and  F.  E.  Haworth,  unpublished  data. 

36.  "  Dauermagnetwerkstoffe  auf  der  Grundlage  der  Auscheidungshartung,"   W. 

.  Koster.     Stahl  u.  Eisen,  53,  Aug.  17,  1933,  p.  849-56. 

37.  "Uber  den  Einfluss  des  elastischen  Spannungszustandes  auf  die   Grdsse   der 

Anfangspermeabilitat,"  M.  Kersten.  Zeit.  techn.  Physik,  12,  1931,  p.  665-9, 
based  on  the  earlier  work  "Zur  Theorie  der  Magnetisierungskurve,"  R. 
Becker.     Zeit.  Phys.,  62,  May  1930,  p.  253-69. 


Some  Equivalence  Theorems  of  Electromagnetics  and  Their 
Application  to  Radiation  Problems 

By  S.  A.  SCHELKUNOFF 

After  a  review  of  the  general  aspects  of  the  classical  electromagnetic 
theory  several  "equivalence"  theorems  are  established  and  illustrated  with 
a  number  of  examples  from  the  diffraction  theory.  Then  follows  a  discus- 
sion of  possible  applications  of  these  theorems  to  radiation  problems.  The 
latter  part  of  the  paper  is  dev^oted  to  the  calculation  of  the  power  radiated 
from  an  open  end  of  a  coaxial  pair.  ^ 

THE  usual  methods  of  calculating  the  power  radiated  by  an  electric 
circuit  depend  upon  a  determination  of  the  electromagnetic  field 
from  the  electric  current  distribution  in  the  circuit.  The  best  known 
of  these  methods  consists  in  integrating  the  Poynting  vector  over  the 
surface  of  an  infinite  sphere  surrounding  the  circuit.  This  method  has 
been  used  exclusively  until  recent  years;  to  facilitate  its  application, 
John  R.  Carson  obtained  a  compact  general  formula  for  the  radiated 
power.^  Another  method  ^  consists  in  calculating  the  work  done 
against  the  forces  of  the  field  in  supporting  a  given  current  distribution 
in  the  circuit.  Theoretically  either  of  the  two  methods  is  sufficient 
for  solving  any  radiation  problem.  Practically,  aside  from  inherent 
difficulties  involved  in  the  calculation  of  the  electric  current  distri- 
bution in  the  first  place,  the  preliminary  integration  for  determining 
the  field  components  E  and  H  may  be  rather  complex.  Thus  in 
obtaining  the  power  radiated  by  a  semi-infinite  pair  of  perfectly 
conducting  coaxial  cylinders  this  preliminary  integration  has  to  be 
extended  over  the  infinite  surfaces  of  the  two  conductors.  And  yet  by 
the  Maxwell-Poynting  theory,  no  energy  can  flow  through  the  walls  of 
the  outer  cylinders  since  the  electric  intensity  E  and  hence  the  Poynting 
vector  vanish  there.  Any  energy  which  is  radiated  away  must  pass 
through  the  open  end  and  it  is  natural  to  expect  that  there  must  be  a 
method  for  calculating  this  energy  from  the  conditions  at  the  open  end. 
The  integration  involved  in  this  method  would  extend  only  over  a 
comparatively  small  area  of  the  open  end.  It  is  in  search  of  a  method 
of  this  type  for  calculating  the  radiated  power  that  I  was  led  some  time 
ago  to  certain  "equivalence  theorems."     Subsequently  I  learned  that 

*  John  R.  Carson,  "Electromagnetic  Theory  and  the  Foundations  of  Electric 
Circuit  Theory,"  The  Bell  System  Technical  Journal,  pp.  1-17,  January  1927. 

'  A.  A.  Pistolkors,  "The  Radiation  Resistance  of  Beam  Antennas,"  Proc.  I.  R.  E., 
Vol.  17,  No.  3  (1929).  R.  E.  Bechmann,  "On  the  Calculation  of  Radiation  Re- 
sistance of  Antennas  and  Antenna  Combinations,"  Proc.  I.  R.  E.,  Vol.  19,  p.  1471 
(1931). 
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one  of  these  theorems  was  discovered  long  ago,  first  by  A.  E.  H.  Love  ^ 
and  then  by  H.  M.  MacDonald  ^  and  proved  by  the  latter  ^  for  the  case 
of  non-dissipative  media  in  1911.  Another  proof  of  this  theorem, 
believed  to  be  helpful  from  the  physical  point  of  view  and  extended  so 
as  to  include  the  dissipative  media,  is  given  in  this  paper.  After  a 
brief  review  of  some  fundamental  concepts  we  shall  prove  these 
equivalence  theorems,  discuss  their  significance,  and  solve  one  or  two 
simple  examples  for  illustrative  purposes. 

The  physical  sources  of  electromagnetic  fields  are  electric  and  mag- 
netic charges  in  motion,  that  is  electric  and  magnetic  currents.  The 
radio  engineer  has  never  been  interested  in  shaking  magnets  for  the 
purpose  of  radiating  energy  and  has  settled  into  a  habit  of  ignoring 
magnetic  currents  altogether  as  if  they  were  non-existent.  It  is  true 
that  there  are  no  magnetic  conductors  and  no  magnetic  conduction 
currents  in  the  same  sense  as  there  are  electric  conductors  and  electric 
conduction  currents  but  magnetic  convection  currents  are  just  as  real 
as  electric  convection  currents,  although  the  former  exist  only  in 
doublets  of  oppositely  directed  currents  since  magnetic  charges 
themselves  are  observable  only  in  doublets.  And,  of  course,  the 
magnetic  displacement  current,  defined  as  the  time-rate  of  change  of 
the  magnetic  flux,  is  exactly  on  the  same  footing  as  the  electric  displace- 
ment current  defined  by  Maxwell  as  the  time-rate  of  change  of  the 
electric  displacement.  We  shall  find  it  convenient,  at  least  for 
analytical  purposes,  to  employ  the  concept  of  magnetic  current  on  a 
par  with  the  concept  of  electric  current. 

The  two  fundamental  electromagnetic  laws  can  now  be  stated  in  a 
symmetric  form.  Ampere's  law  as  amended  by  Maxwell  is:  An 
electric  current  is  surrounded  by  a  magnetic  field  of  force;  the  induced 
magnetomotive  force  in  a  closed  curve  is  equal  to  the  electric  current  passing 
through  any  surface  hounded  hy  the  curve.  In  its  original  form,  the 
"electric  current"  meant  only  the  conduction  current  so  that  the  law 
was  applicable  only  to  closed  conduction  currents.  Maxwell's  amend- 
ment consisted  in  including  the  displacement  currents,  thereby  making 
the  law  applicable  to  open  conduction  currents.  The  second  law  is  due 
to  Faraday:  A  magnetic  current  is  surrounded  by  an  electric  field  of  force; 
the  induced  electromotive  force  in  a  closed  curve  is  equal  to  the  negative  of 
the  magnetic  current  passing  through  any  surface  bounded  by  the  curve. 
The  rule  for  algebraic  signs  is  as  follows:  choose  some  direction  of  the 
closed  curve  as  positive  and  have  an  observer  placed  in  such  a  way  that 

*A.  E.  H.  Love,  "The  Integration  of  the  Equations  of  Propagation  of  Electric 
Waves,"  Phil.  Trans.  A,  Vol.  197,  pp.  1-45  (1901). 

^H.  M.  MacDonald,  "Electric  Waves,"  p.  16  (1902). 

'  H.  M.  MacDonald,  "The  Integration  of  the  Equations  of  Propagation  of  Electric 
Waves,"  Proc.  London  Mathematical  Society,  Series  E,  Vol.  10,  pp.  91-95  (1911). 
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this  direction  appears  to  him  counterclockwise;  then  the  positive 
direction  of  either  the  electric  or  the  magnetic  current  is  chosen  toward 
the  observer.  If  the  currents  are  flowing  toward  the  reader,  the 
directions  of  the  E.M.F.  and  the  M.M.F.  are  as  indicated  in  Fig.  1. 


Fig.  1 — The  relative  directions  of  the  E.M.F.  and  the  M.M.F.  induced  respectively 
by  the  electric  current  /  and  the  magnetic  current  K  are  indicated  by  the  arrows. 
Both  /  and  K  are  directed  toward  the  reader. 

In  the  well-known  way  these  two  physical  laws  lead  to  a  pair  of 
partial  differential  equations 

curl  E  =  -  AI,         curl  H  =  J,  (1) 

where  /  and  M  are  respectively  the  total  electric  current  density  and 
the  total  magnetic  current  density.  The  electric  density  is  composed  of 
several  parts;  namely:  the  conduction  current  density,  the  displace- 
ment current  density  and  the  applied  current  density.  The  first  of 
these  components  is,  in  many  substances,  proportional  to  the  electric 
intensity  E;  the  second  is  proportional  to  dEfdt;  and  the  third  is  due  to 
forces  other  than  those  of  the  field,  mechanical  or  chemical,  for 
instance.  Similarly  the  magnetic  current  density  is  the  sum  of  the 
magnetic  displacement  density  proportional  to  dHjdt  and  the  impressed 
magnetic  current  density.     Thus,  we  write 

cm\E=  -  Mo-  n~,         cur\H  =  Jo  +  gE-\-e^,       (2) 
ot  at 

where  Jo  and  Mq  are  the  densities  of  the  impressed  currents  and  the 
constants  of  proportionality  g,  e  and  ju  are  respectively  the  con- 
ductivity, the  dielectric  constant  and  the  permeability.^ 

The  functions  Jo  and  ifo  are  supposed  to  be  known  functions  of 
coordinates  and  of  time,  representing  the  distribution  of  the  physical 

*  A  consistent  practical  system  of  units  is  used  in  this  paper.  Thus  the  E.M.F. 
is  measured  in  volts,  the  electric  current  in  amperes,  E  in  volts  per  centimeter,  H 
in  amperes  per  centimeter,  etc.  The  permeability  of  vacuum  is  then  47rlO~'  henries 
per  centimeter  and  the  dielectric  constant  (l/367r)10~"  farads  per  centimeter. 
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sources  in  the  space-time.  If  they  are  zero  everywhere  and  at  all 
times,  the  only  physically  significant  solution  of  (2)  must  be  E  =  II 
=  0  throughout  the  entire  space  and  at  all  times. ^  If  there  are  other 
solutions  of  (2),  they  are  extraneous  and  some  rule  must  be  found  for 
excluding  them.  Such  extraneous  solutions  often  find  their  way  into 
mathematical  equations  because  it  is  usually  impossible  to  express  all 
physical  conditions  by  an  equation  or  a  system  of  equations.  Naturally 
these  remarks  do  not  apply  to  a  limited  region  of  space  or  a  finite 
interval  of  time.  In  fact,  in  many  physical  problems  these  "extrane- 
ous in  the  large"  solutions  of  (2)  can  be  advantageously  used  for 
expressing  the  general  character  of  electromagnetic  phenomena  in  a 
limited  region  and  then  obtaining,  with  the  aid  of  the  boundary  and  the 
initial  conditions,  the  complete  answer.  But  the  philosophy  of 
causality  demands  the  dictum  "no  sources,  no  field"  when  considering 
the  whole  space-time.  It  may  seem  unnecessary  to  dwell  at  length  on 
such  obvious  matters  but  they  happen  to  be  essential  in  the  subsequent 
discussion  if  the  arguments  are  to  be  taken  as  positive  proofs  rather 
than  as  plausible  justifications. 

Equations  (2)  are  linear  and  the  principle  of  superposition  is 
applicable.  This  is  in  accordance  with  physical  intuition  which  tells  us 
that  we  can  subdivide  the  impressed  currents  into  elementary  cells  of 
volume  dv,  calculate  the  field  due  to  a  typical  element,  and  obtain  the 
total  field  by  integration.     For  the  typical  element  (2)  becomes 

curl  E  =  -  M  -^  .         curl  H  =  gE  -\-  e  —  ,  (3) 

everywhere  except  in  the  infinitely  small  volume   occupied   by   the 

element.     The  product  of  the  current  density  and  the  volume  of  the 

element  is  called  the  moment  of  the  element. 

At  times  the  impressed  currents  are  confined  to  sheets  so  thin  that 

their  thickness  can  be  disregarded  without  introducing  a  serious  error 

in  the  result.     This  leads  to  a  hypothetical  infinitely  thin  current  sheet. 

We  pass  from  a  real  current  sheet  to  an  ideal  one  by  assuming  that  the 

thickness  of  the  former  decreases  and  the  current  density  increases  in 

such  a  way  that  their  product  remains  constant.     This  product  is 

called  the  linear  density  of  the  sheet  and  it  represents  the  current  per 

unit  length  perpendicular  to  the  lines  of  flow.     The  moment  of  a 

current  element  is  now  the  product  of  the  density  of  the  sheet  and  the 

area  of  the  element.     Finally  if  the  impressed  current  is  confined  to  a 

'  We  assume  that  all  the  electric  and  magnetic  charges  were  originally  in  the 
neutral  state,  in  which  case  their  separation  could  be  effected  only  through  their 
motion.  The  argument  could  be  extended  so  as  to  include  purely  static  fields  that 
may  constitute  an  integral  part  of  the  universe  but  it  is  of  no  particular  interest  to  us. 
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very  thin  filament,  the  moment  is  the  product  of  the  current  and  the 
length  of  the  element. 

It  is  the  moment  of  the  current  element  that  determines  its  electro- 
magnetic field.  If  the  medium  is  non-dissipative,  the  actual  expres- 
sions for  the  field  components  are  obtained  in  terms  of  an  auxiliary 
function  called  by  Lorentz  the  retarded  magnetic  vector  potential.  For 
an  electric  current  element  of  moment  p{t)  this  vector  potential  at  any 
point  P  is  parallel  to  the  current  density  and  is  a  function  of  the 
distance  r  from  the  element  to  P 


p{'-\) 


^  =— 1 —•  (4) 

The  quantity  c  has  the  dimensions  of  a  velocity  and  it  appears  that  the 
action  of  the  source  travels  outward  with  this  velocity.  But  there  is 
another  solution  of  (3) 


^('  +  ^) 


One  might  wonder  if  this  solution  appertains  in  any  way  to  the  source; 
that  is  not  the  case,  however.  If  the  moment  p{t)  is  identically  zero 
prior  to  some  instant  /  =  /o,  the  field  which  can  legitimately  be  attrib- 
uted to  the  action  of  this  source  is  also  identically  zero  for  any  instant 
/  <  /o-  But  (5)  implies  a  non-vanishing  field  at  distant  points;  it  is  as 
if  the  effect  appeared  before  the  cause.  Any  other  solution  is  a 
combination  of  (4)  and  (5)  and  has  to  be  rejected  on  the  same  grounds. 
In  terms  of  this  auxiliary  vector  potential  the  field  components  can 
be  expressed  as  follows 

H  =  curM,         ^  =  -  curl  //,         E  =  curl  II  dt.        (6) 

at        t  e   / 

•-'—00 

If  the  moment  is  harmonic  of  frequency/,  we  regard  it  as  the  real 
part  of  /)e'"'.  Then  the  vector  potential  and  the  field  components  are 
the  real  parts  of  the  following  expressions 

A  =  —, ,         H  =  curl  A,         E  =  -  itofuA  -f  ^ -. (7) 

47rr  tue  ^  ■^ 


where  the  phase  constant 

X  is  the  wave-length,  and  the  time  factor  e'"'  is  implied. 
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If  the  medium  is  dissipative,  we  have 

A=^-f^,         H  =  cur\A.         E=  -.W^+i'i^i^.     (8) 
47rr  '^  g  -\-  ioi€  ^  ' 

The  quantity  a  is  the  intrinsic  propagation  constant  of  the  medium  and 
is  defined  by 

a  =  >lio)/j.(g  +  iue).  (9) 

In  this  case  the  action  of  the  source  at  some  point  is  not  only  delayed 
by  the  time  needed  for  the  disturbance  to  travel  the  intervening 
distance  but  also  exponentially  attenuated. 

If  instead  of  an  electric  current  element,  we  are  dealing  with  a 
magnetic  element,  the  field  components  can  be  expressed  in  terms  of  an 
auxiliary  electric  vector  potential.     This  vector  F  is  given  by 

(10) 

where  the  moment  P  of  the  element  is  the  product  of  the  magnetic 
current  density  and  the  volume  of  the  element.  The  field  components 
are  then  given  by 

£=-curIi^,         H^  -(g+i^,)/.  +  g^^ddivF^ 

In  the  periodic  case  the  general  mathematical  solution  for  the  vector 
potential  of  an  element  is  found  to  be  a  linear  combination  of  any  two 
of  the  following  functions 

e~'"'  e'"'  cosh  ar  sinh  ar  , 

— '        y  ~r      '        ~^~  '  ^"■' 

All  of  these  except  the  first  become  exponentially  infinite  at  an  infinite 
distance  from  the  source  and  cannot  be  taken  to  represent  the  vector 
potential  of  a  physical  source.  The  last  function  is  finite  in  any  finite 
region;  conceivably  it  can  represent  an  electromagnetic  field  in  the 
finite  region  free  from  physical  sources.  If  the  medium  is  non- 
dissipative  it  is  impossible  to  exclude  any  of  the  solutions  given  by  (12) 
on  the  grounds  of  their  behavior  at  infinity— they  all  vanish  there. 
But  we  may  regard  the  non-dissipative  case  as  the  limit  of  the  dissi- 
pative one  and  in  this  way  establish  a  rule  for  finding  the  proper  unique 
solution. 

In  the  presence  of  a  current  sheet,  equations  (2)  are  valid  on  either 
side  of  it  but  not  on  it.  Let  us  consider  a  cross-section  of  an  electric 
current  sheet,  perpendicular  to  the  lines  of  flow,  and  a  curvilinear 
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rectangle  A'B'B"A"  with  two  of  its  sides  parallel  to  the  sheet  (Fig.  2). 
We  assume  that  the  current  flows  toward  the  reader  and  that  A' A" 
and  B'B"  are  vanishingly  small.  Since  the  M.M.F.  around  this 
rectangle  is  equal  to  the  electric  current  passing  through  it  and  since 
this  M.M.F.  is  merely  the  difl"erence  between  the  M.M.F.'s  along  the 
sides  A'B'  and  A"B'\  we  obtain 


Ht'  -  ///'  =  Ji 


(13) 


by  simply  calculating  these  quantities  per  unit  length  of  the  rectangle. 
The  tangential  components  of  the  magnetic  intensity  are  regarded  as 


Fig.  2 — A  cross-section  of  a  current  sheet  perpendicular  to  the  lines  of  flow.     The 
positive  direction  of  the  current  is  toward  the  reader. 

positive  when  directed  from  A  to  B.  Thus  the  tangential  component 
of  the  magnetic  intensity  is  discontinuous  across  an  electric  current 
sheet  and  the  amount  of  the  discontinuity  is  equal  to  the  density  of 
the  sheet. 

Similarly  across  a  magnetic  current  sheet  the  tangential  component 
of  the  electric  intensity  is  discontinuous  and  the  amount  of  this  dis- 
continuity is  equal  to  the  negative  of  the  magnetic  current  density  of 
the  sheet;  thus 

£/  -  £/'  =  -  .1/,.  (14) 

In  deriving  equations  (2)  it  is  also  necessary  to  assume  that  g,  /j. 
and  €  are  continuous  throughout  the  region  under  consideration. 
They  have  no  meaning  on  the  boundary  between  two  different  media. 
Since  the  boundary  is  a  geometric  surface,  it  cannot  constitute  either 
an  electric  or  a  magnetic  current  sheet.  Hence  the  components  of 
E  and  H  tangential  to  such  a  boundary  are  continuous  across  it. 
These  boundary  conditions  provide  a  link  between  the  fields  in  the 
two  media. 
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Let  US  suppose  that  we  have  a  continuous  distribution  of  sources 
on  a  closed  surface  C  (Fig.  3)  and  that  there  are  no  other  sources. 
We  assume  that  the  sources  are  harmonic  of  frequency  /.  The  elec- 
tromagnetic field  5  produced  by  these  sources  can  be  calculated 
directly  from  this  distribution  with  the  aid  of  the  above  mentioned 
vector  potentials.     On   the  other  hand,   we  can   reason   as  follows. 


Fig.  3^A  cross-section  of  a  closed  surface  C. 

There  are  no  sources  either  inside  or  outside  of  C;  hence  everywhere 
except  on  C,  we  have 

curl  E  =  —  ioofxH,         curl  11=  (g  -\-  i(>}e)E.  (15) 

In  the  region  inside  of  C  we  take  that  solution  of  (15)  which  is  finite 
throughout  this  region  and  outside  of  C  we  select  the  solution  vanishing 
at  infinity.  Both  solutions  will  contain  constants  which  can  be  deter- 
mined from  conditions  (13)  and  (14)  across  the  surface.  The  field 
5'  obtained  in  this  manner  is  identical  with  J  because  the  difierence 
%  —  %'  is  everywhere  source-free  and  thus  must  vanish. 

Let  us  now  reverse  the  process  and,  instead  of  starting  with  the 
known  distribution  of  sources  on  C,  suppose  that  we  know  the  field 
and  wish  to  find  its  sources.  Let  the  known  field  i^  be  source  free 
everywhere  except  on  C.  In  order  to  determine  these  sources  5  we 
merely  calculate  the  discontinuities  in  the  tangential  components  of 
E  and  H  across  C.  We  can  utilize  this  result  to  establish  the  major 
Equivalence  Principle.  For  the  outside  portion  of  5  we  can  choose 
the  outside  portion  of  the  field  %'  produced  by  a  given  system  of  sources 
S'  situated  inside  C  and  for  the  inside  part  of  ^^  we  take  any  field  which 
is  source-free  there.  The  latter  may  be,  for  instance,  the  inside 
portion  of  the  field  5"  produced  by  some  sources  S"  situated  outside  C. 
Thus  we  arrive  at  the  following  Equivalence  Principle  discovered  by 
Love  and  Macdonald  ^:  a  distribution  of  electric  and  magnetic  currents 
on  a  given  surface  C  can  be  found  such  that  outside  C  it  produces  the 

*  See  references  3  and  4  and  also  H.  M.  Macdonald,  "Electroniagnetism"  (1934). 
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same  field  as  that  produced  by  given  sources  inside  C;  and  also  the 
field  inside  C  is  the  same  as  that  produced  by  given  sources  outside  C. 
One  of  these  systems  of  sources  can  be  identically  equal  to  zero. 

The  actual  calculations  are  made  as  follows.  From  the  discon- 
tinuities in  the  tangential  components  of  E  and  H,  we  obtain  /  and 
Af  by  (13)  and  (14).  From  these  currents  we  find  the  two  vector 
potentials 

'Ax',y' 


47rJ  J 


(C) 


4xJ  J 


Mf^^3^),-..,5, 


e-»^^  dS, 

(16) 


(C) 


where  r  =  yj{x  —  x'y  -{-  {y  —  y'Y  +  (2  —  2')^  is  the  distance  between 
a  point  P{x,  y,  z)  somewhere  in  space  and  a  point  P'(x',  y',  2')  on  C. 
From  these  potentials  we  calculate  the  electric  intensity  and  the 
magnetic  intensity  by 


„  .       .    ,  grad  div  A  .  „ 

E  =  —  toifjL  A  + -. curl  F, 

tcae 


,    .       grad  div  7^       . 
H  =  curl  A  +  ^ ■ t^e  F. 


(17) 


The  proof  of  the  Equivalence  Principle  can  be  modified  so  as  to 
throw  some  additional  light  on  it.  Let  us  suppose  that  given  sources 
S'  are  inside  the  closed  surface  C  and  let  us  make  our  new  synthetic 
field  by  obliterating  the  old  field  outside  C  and  leaving  everything  as 
it  was  inside  C.  The  new  field  has  the  same  sources  S'  and  besides  it 
is  discontinuous  across  C.  These  discontinuities  are  the  additional 
sources  5  whose  densities  are  calculable  from  (13)  and  (14).  Since 
the  new  field  is  identically  zero  outside  C,  the  field  produced  by  5  is 
such  as  to  cancel  the  field  produced  by  S'  outside  C.  Thus  the  system 
of  sources  5  acts  as  a  perfect  absorber  for  the  electromagnetic  wave 
produced  by  S' .  Reversing  the  directions  of  the  current  distributions 
on  C,  we  conclude  that  the  system  of  sources  —  5  produces  outside 
C  exactly  the  same  field  as  S' . 

The  Equivalence  Principle  is  closely  related  to  another  theorem 
which  we  may  call  the  Induction  Theorem.  Let  us  suppose  that  a 
closed  surface  C  subdivides  the  entire  space  into  two  homogeneous 
media  and  that  a  system  of  sources  5  is  given  in  one  of  those  regions 
(Fig.  4).  Let  E,  II  be  the  field  due  to  these  sources  on  the  assumption 
that  the  medium  inside  C  is  the  same  as  that  outside.     The  true  field 
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outside  C  must  vanish  at  infinity  but  it  need  not  be  the  same  as  E,  II; 
let  it  be  £  +  £',//  +  //'.  The  field  E',  11'  must  be  source-free  out- 
side C.  Inside  C  the  field  must  be  source-free;  we  shall  designate  it 
by  £",  H".  The  field  E',  W  is  called  the  reflected  field  and  E" ,  11"  the 
refracted  field.  The  boundary  conditions  are  such  that  the  components 
of  the  electric  and  the  magnetic  intensities  tangential  to  C  must  be 
continuous.     Thus  over  the  surface  C,  we  have 

Et  +  E/  =  Et",        H,  +  H/  =  Ht".  (18) 

The  bar  over  the  letters  is  used  to  designate  the  values  of  the  corre- 
sponding quantities  on  C.     From  (18)  we  obtain 

Et"  -  Et'  =  Et,        Ht"  -  Ht'  =  Hi.  (19) 

(E',H') 
S(E,H)  ^ 


Fig.  4 — The  closed  surface  C  is  the  boundary  between  two  homogeneous  regions  in 
space.  (£,  H)  designates  the  field  produced  by  some  system  of  sources  S\  (£',  H')  is 
the  field  reflected  by  the  body  C;  and  (£",  H")  is  the  field  in  the  body. 

Hence  the  reflected  and  the  refracted  fields  together  constitute  an  electro- 
magnetic field  in  the  entire  space;  this  field  is  source-free  everywhere 
except  on  C  and  the  distribution  of  sources  on  C  is  calculable  from  the 
given  sources  S.  This  Induction  Theorem  is  a  generalization  of  the 
well-known  theorem  used  in  calculating  the  response  of  an  electric 
circuit  to  an  impressed  field.  Since  the  wires  constituting  the  circuit 
are  very  thin,  only  the  tangential  components  of  E  in  the  direction 
of  the  wires  need  be  considered. 

It  may  be  noted  that  if  the  medium  inside  C  is  identical  with  that 
outside  C,  the  "reflected  field"  must  be  absent  and  the  "refracted 
field"  must  be  identical  with  the  field  E,H  due  to  the  sources  S. 
Thus  the  Induction  Theorem  leads  to  the  Equivalence  Principle. 

The  Equivalence  Principle  is  evidently  an  extension  of  Kirchhoff's 
theorem.  The  latter  deals  with  a  single  wave  function  instead  of  two 
vectors.  Kirchhoff  derived  a  formula  for  computing  the  wave  function 
in  the  source-free  region  from  its  values  and  the  values  of  its  normal 
derivative  over  a  closed  surface  separating  the  source-free  region  from 
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the  region  containing  the  sources  of  the  wave  functions.  In  the 
Theory  of  Sound  the  wave  function  represents  the  excess  pressure  or 
the  velocity  potential  and  Kirchhofif's  theorem  is  valuable  in  the 
analysis  of  diffraction  phenomena.  Kirchhoff's  theorem  is  also  used 
in  dealing  with  optical  diffraction.  We  may  also  remark  that  Kirch- 
hoff's formula  is  a  mathematical  expression  of  a  principle  governing 
compressional  wave  motion.  This  principle  was  first  formulated  by 
Huygens  in  the  following  form:  each  particle  in  any  wave  front  acts 
as  a  new  source  of  disturbance,  sending  out  secondary  waves,  and  these 
secondary  waves  combine  to  form  the  new  wave  front.'' 

Let  us  now  examine  one  of  the  familiar  diffraction  problems  in  the 
light  of  the  Equivalence  Principle.  Consider  a  source  5  and  a  per- 
fectly absorbing  screen  (Fig.  5a).  Such  a  screen  will  be  defined  in  the 
usual  manner:  the  impressed  wave  enters  it  without  reflection  but 
does  not  pass  through  it.  If  the  screen  is  infinitely  thin,  this  definition 
implies  the  existence  of  electric  and  magnetic  currents  in  the  screen 
whose  densities  are  given  by  the  postulated  discontinuity  in  the  field. 
In  reality  the  "black  bodies"  absorb  not  by  virtue  of  the  coexistence 
of  electric  and  magnetic  currents  but  by  virtue  of  electric  currents 
alone  with  the  aid  of  reflections  taking  place  between  atomic  layers. 
The  true  mechanism  of  absorption  is  complex  and  requires  more  than 
a  mere  surface.  In  diffraction  studies  it  has  become  a  habit  with  us 
to  ignore  the  precise  nature  of  absorption  and  confine  outselves  to  its 
implications;  but  it  is  just  as  well  to  know  the  nature  of  the  ideal 
mechanism  which  we  are  substituting  for  the  true  mechanism. 

We  can  apply  the  Equivalence  Principle  to  the  present  problem  in 
two  ways.  W^e  can  choose  as  our  surface  C  a  surface  (1234)  just  on 
the  other  side  of  the  screen.  The  part  (23)  contributes  nothing;  the 
equivalent  distribution  of  sources  S'  over  the  parts  (12)  and  (34)  gives 
us  a  complete  field  to  the  right  of  the  screen.  On  the  other  hand  if 
S"  is  the  field  due  to  the  electric  and  magnetic  currents  in  the  screen 
induced  by  S,  the  total  field  is  5  +  S" .  The  choice  of  the  "surface 
C"  that  would  yield  this  result  is  shown  in  Fig.  Sb  although  the  con- 
clusion is  obvious  without  recourse  to  the  Equivalence  Principle. 
Since  to  the  right  of  C  in  Fig.  5a  the  two  alternative  fields  must  be 
the  same,  we  have 

S'  =  S  +  S"         and         S'  -  S"  =  S.  (20) 

Incidentally  the  last  equation  is  the  expression  for  the  Equivalence 
Principle  as  applied  to  S  in  the  absence  of  the  screen  since  —  5"  is 

»  A.  E.  Caswell,  "An  Outline  of  Physics,"  p.  544  (1929). 
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the  contribution  of  that  portion  of  the  equivalent  layer  which  vv^as 
removed  by  the  screen. 

s  >1< 


Fig.  5« — A  source  6"  in  front  of  a  screen  the  cross-section  of  which  is 
shown  in  heavj'  lines. 


n jO/'^^.? § 


5 

Fig.  Sb — A  source  5  in  front  of  a  screen  the  cross-section  of  which  is 
shown  in  heav\'  lines. 

The  case  of  a  hole  in  a  perfectly  absorbing  screen  (Fig.  6a  and  Fig. 
6h)  can  be  treated  in  the  same  manner  and  the  reciprocity  existing 
between  this  and  the  preceding  case  is  quite  evident.  In  terms  of 
the  sources  previously  defined  the  field  to  the  right  of  the  screen  is 
—  S" ;  by  (20)  this  is  the  same  as  5  —  S' . 

If  the  screen  is  a  perfect  conductor,  the  problem  is  much  more 
complex.  The  screen  will  support  electric  currents  but  not  magnetic 
currents.  The  densities  of  the  electric  currents  are  not  calculable 
directly  from  the  field  5  but  from  the  condition  that  the  component  of 
the  electric  intensity  tangential  to  the  screen  vanishes.     The  problem 
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is  very  difficult  and  its  solution  has  been  found  in  only  a  few  special 
cases.  It  is  true  that  once  we  know  the  electric  currents  in  the  screen, 
we  can  determine  the  field  on  both  sides  of  the  screen ;  but  there  is  no 
simple  way  of  calculating  these  currents  exactly.  Frequently  it  is 
assumed  that,  in  so  far  as  the  side  opposite  to  the  source  is  concerned, 
a  perfectly  conducting  screen  is  equivalent  to  a  perfectly  absorbing 
screen   of  the  same  geometric  character.     This  is  equivalent  to  a 


Fig.  6a — A  source  S  in  front  of  a  screen  the  cross-section  of  which  is 
shown  in  heavy  lines. 


b\ 


Fig.  66 — A  source  5  in  front  of  a  screen  the  cross-section  of  which  is 
shown  in  heavy  hnes. 

hypothesis  that  the  electric  current  density  of  the  screen  is  deter- 
mined by  the  magnetic  intensity  impressed  directly  by  the  source  S. 
We  could  take  the  results  obtained  from  this  hypothesis  as  a  first 
approximation  to  the  true  results.  The  tangential  component  of  the 
electric  intensity  calculated  on  the  basis  of  this  hypothesis  does  not 
vanish  on  the  screen  which  means  that  we  have  violated  the  original 
hypothesis  that  the  screen  is  a  perfect  conductor.  If  the  discrepancy 
is  not  too  great  we  might  look  for  an  additional  electric  current 
distribution  to  reduce  this  discrepancy. 
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There  are  times,  however,  when  the  current  distribution  in  the 
"screen"  can  be  determined  with  a  fair  accuracy  without  elaborate 
mathematics.  It  is  so,  for  instance,  in  the  case  of  a  pair  of  perfectly 
conducting  coaxial  cylinders  (Fig.  la  and  Fig.  lb)  in  which  the  radii 


Fig.  la — An  axial  cross-section  of  a  coaxial  pair. 


15 


Fig.  Ih — An  axial  cross-section  of  a  coaxial  pair. 

are  small  by  comparison  with  the  wave-length.  We  shall  assume  that 
the  coaxial  pair  is  semi-infinite.  Trusting  his  common  sense,  the 
engineer  assumes  that  inside  this  structure  the  magnetic  lines  are 
circles  coaxial  with  the  cylinders.  The  electric  lines  are  the  radii  and 
the  electric  current  in  the  cylinders  as  well  as  the  transverse  voltage 
between  the  cylinders  vary  along  the  length  in  the  same  way  as  in  a 
transmission  line  with  uniformly  distributed  series  inductance  and 
shunt  capacity.  A  careful  analysis  by  John  R.  Carson  indicates  that 
this  simple  picture  is  justifiable  if  the  cross-section  of  the  coaxial  pair 
is  small  by  comparison  with  the  wave-length.^"  While  a  whole  series 
of  electric  waves  can  exist  in  such  a  structure,  all  of  these  waves  except 
the  one  recognized  by  the  engineer,  the  principal  wave,  are  attenuated 
very  rapidly  and  are  significant  only  very  close  to  the  generator  and 


'"John  R.  Carson,  "The  Guided  and  Radiated  Energy  in  Wire  Transmission," 
A.  I.E.  E.  Journal,  pp.  908-913,  October,  1924. 
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very  near  the  open  end.  The  complementary  waves  are  needed  only 
for  logical  consistency  and  to  satisfy  the  boundary  conditions. 

Thus  let  us  suppose  that  the  field  distribution  in  the  coaxial  pair 
is  known  to  a  high  degree  of  accuracy.  In  order  to  calculate  the  field 
outside  the  coaxial  pair  and  hence  obtain  the  radiated  power  we  can 
use  the  Equivalence  Principle  in  two  ways.  We  can  fit  our  surface  C 
smoothly  over  the  outer  cylinder  and  the  open  end  (Fig.  7a)  or,  re- 
garding this  surface  as  a  perfectly  elastic  rubber  sheet,  we  can  press 
it  through  the  open  end  and  fit  it  smoothly  over  the  inner  surface  of 
the  outer  conductor  and  the  outer  surface  of  the  inner  conductor 
(Fig.  lb).  Since  by  hypothesis  the  conductors  are  perfect,  the  com- 
ponents of  E  tangential  to  the  cylinders  vanish;  hence  in  the  second 
choice  of  C  the  equivalent  layer  consists  of  only  an  electric  current 
sheet.  Naturally  this  current  distribution  is  precisely  that  which 
actually  exists  in  the  conductors  so  that  this  choice  of  C  leads  to  some- 
thing that  we  knew  beforehand,  namely:  if  the  actual  sources,  that  is, 
if  the  electric  currents  in  the  structure  are  known  exactly  or  approxi- 
mately, the  entire  field  can  be  calculated  exactly  or  approximately. 

The  first  choice  of  C  is  more  important.  Over  the  lateral  portion 
(12,  34)  of  C  the  equivalent  magnetic  current  sheet  vanishes  as  in  the 
preceding  case  on  account  of  the  perfect  conductivity  of  the  cylinders. 
The  magnetic  intensity  just  outside  the  coaxial  pair  is  also  zero  except 
near  the  open  end  where  it  must  be  exceedingly  small.  To  see  this, 
we  need  only  recall  that  the  electric  currents  in  the  two  cylinders  are 
equal  and  opposite  and  that  except  in  the  neighborhood  of  the  open 
end  the  displacement  currents  are  transverse.  Thus  the  equivalent 
electric  current  sheet  can  be  ignored  altogether.  What  is  left  is  the 
magnetic  current  sheet  over  the  surface  of  the  oj)en  end;  the  density 
of  this  sheet  is  determined  by  the  radial  component  of  the  electric 
intensity  and  in  the  final  analysis  by  the  voltage  existing  between  the 
ends  of  the  inner  and  outer  conductors.  Presently  we  shall  carry 
out  the  actual  calculations  but  just  now  we  shall  examine  the  question 
of  the  accuracy  of  the  results.  Of  course,  the  results  would  be  exact 
if  we  knew  the  equivalent  electric  and  magnetic  sheets  accurately; 
and  the  above  approximations  appear  to  be  reasonable.  We  shall  not 
be  able  to  find  out  how  good  these  approximations  are  but  we  can 
prove  that  they  are  just  as  good  as  the  approximations  usually  made 
in  calculating  the  radiated  power  from  the  distribution  of  electric 
currents.  The  only  virtue  of  the  Equivalence  Principle  is  to  save  a 
certain  amount  of  mathematical  work  and  furnish  a  further  insight 
into  the  phenomena  of  radiation. 
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If  a  progressive  wave  is  advancing  from  left  to  right  in  a  semi- 
infinite  coaxial  pair  (Fig.  7)  and  if  the  generator  is  at  infinity,  we  can 
assume  it  to  be  the  principal  wave.  At  the  open  end  this  wave  is 
reflected.  It  is  usually  assumed  that  the  reflected  wave  is  also  the 
principal  wave  but  moving  in  the  opposite  direction.  In  other  words, 
it  is  assumed  that  the  total  field  is  such  that  the  electric  lines  are 
radial  and  the  magnetic  lines  are  circular.  Since  the  electric  lines 
are  radial,  there  is  no  longitudinal  displacement  current;  and  since 
the  conduction  current  at  the  open  end  must  be  zero,  the  magnetic 
intensity  is  zero  over  the  entire  open  end.  This  is  what  follows  if  we 
neglect  the  complementary  waves. 

These  approximate  results  correspond  to  the  exact  results  in  the 
following  hypothetical  situation.  If  a  hypothetical  perfect  magnetic 
conductor  is  fitted  over  the  open  end  of  the  coaxial  pair  so  that  it 
closes  it  entirely,  then  the  reflection  is  complete  and  there  are  no 
complementary  waves.  Perfect  magnetic  conductors  are  defined  by 
analogy  with  perfect  electric  conductors — the  tangential  component 
of  the  magnetic  intensity  vanishes  at  the  surface  of  the  former  just 
as  the  tangential  component  of  the  electric  intensity  vanishes  at  the 
surface  of  the  latter.  Magnetic  conductors  support  magnetic  current 
sheets  just  as  electric  conductors  support  electric  current  sheets.  The 
densities  of  the  sheets  are  given  by  the  discontinuities  of  the  tangential 
components  of  E  in  the  former  case  and  H  in  the  latter. 

In  the  hypothetical  case  in  which  the  open  end  is  closed  with  a 
perfect  magnetic  conductor,  no  energy  can  flow  outside  the  coaxial 
pair.  This  is  because  the  flow  of  energy  is  given  by  \E  X  H  and  either 
one  or  the  other  factor  vanishes  over  the  outer  boundary  of  the  struc- 
ture. The  field  outside  the  coaxial  pair  must  now  be  identically  zero. 
Our  sources  are  the  electric  current  in  the  walls  of  the  coaxial  pair  and 
the  magnetic  currents  in  the  cap.  If  one  field  is  designated  by  S  and 
the  other  by  S' ,  then  5  -f  5'  =  0  and  S'  =  -  S.  Thus  the  field 
produced  by  the  electric  currents  in  the  conductors  on  a  supposition 
that  principal  waves  alone  exist,  is  the  same  as  the  field  produced  by  a 
hypothetical  distribution  of  magnetic  currents  over  the  surface  of  the 
open  end. 

Let  us  examine  another  case.  It  is  usual  to  assume  that  the  electric 
current  in  a  thin  wire  (Fig.  8)  in  free  space  is  distributed  sinusoidally. 
Experimental  evidence  shows  that  the  radiated  power  calculated  on 
this  assumption  is  very  nearly  correct.  On  the  other  hand  the 
sinusoidal  distribution  of  the  electric  current  in  the  wire  corresponds  to 
a  hypothetical  case  in  which  a  perfect  magnetic  conductor  is  introduced 
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in  the  shape  of  a  sphere  concentric  with  the  center  of  the  wire  and 
passing  through  its  ends.  Thus  we  could  calculate  the  radiated  power 
from  an  appropriate  distribution  of  magnetic  currents  over  this  sphere 
but  in  this  case  such  a  procedure  would  involve  more  difficult  inte- 
grations than  the  usual  method. 

Before  considering  the  more  general  case  of  radiation  from  a  semi- 
infinite  coaxial  pair  let  us  assume  that  the  radii  of  the  two  conductors 
are  nearly  equal.  We  have  seen  that  in  applying  the  Equivalence 
Principle  we  need  take  into  account  only  the  magnetic  current  sheet 
over  the  open  end  of  the  pair.  In  the  present  instance  this  sheet  is 
merely  a  circular  loop  of  magnetic  current  equal  to  the  voltage  V 
between  the  ends  of  the  conductors.     If  we  were  to  treat  in  the  same 


Fig.  8 — A  vertical  antenna  and  a  cross-section  of  an  imaginary  sphere 
passing  through  the  ends  of  the  antenna. 


manner  a  condenser  made  of  two  parallel  circular  plates,  we  should 
come  to  the  conclusion  that  it  is  also  equivalent  to  a  magnetic  loop 
around  its  periphery.  Thus  in  both  cases  the  radiated  power  is  the 
same.  But  the  power  radiated  by  an  electric  doublet  is  known  to  be 
{40Tr^PP)/\'^  watts  where  I  is  the  amplitude  of  the  electric  current,  /  the 
length  of  the  doublet  and  X  the  wave-length.  In  applying  this  formula 
to  a  condenser  it  is  better  to  express  it  in  terms  of  the  voltage  V 
across  the  condenser  and  its  area  S.  The  capacity  of  the  condenser  is 
C  =  5/(367rl0"/)  farads  and  /  =  wCV  =  SV/60\l  amperes.  Hence 
the  power  radiated  by  the  condenser  is  (ir^S^V^)!90\*  watts.  This  is 
also  the  approximate  power  radiated  by  the  coaxial  pair  if  we  interpret 
5  as  the  cross-sectional  area  of  either  conductor. 


SOME  EQUIVALENCE   THEOREMS  OF  ELECTROMAGNETICS     109 

Let  us  now  calculate  the  more  general  expression  for  the  power 
radiated  from  an  open  end  of  a  coaxial  pair.  The  cylindrical  con- 
ductors whose  cross-sections  are  shown  in  Fig.  9  are  supposed  to  extend 


Fig.  9 — The  end  view  of  a  coaxial  pair  of  cylindrical  conductors. 

below  the  surface  of  the  paper  and  the  s-axis  of  the  coordinate  system 
is  directed  toward  the  reader.  The  primed  letters  will  refer  to  points 
situated  in  the  opening,  the  unprimed  letters  being  reserved  for  typical 
points  in  space. 

The  electric  intensity  in  the  coaxial  pair  varies  inversely  as  the 
distance  from  the  axis 


£.'  = 


£^'  -  0. 


(21) 


In  accordance  with  the  Equivalence  Principle  we  assume  that  the  field 
below  the  .rj-plane  is  wiped  out  and  the  discontinuity  in  E  arising  as 
the  result  of  the  separation  is  replaced  by  a  magnetic  current  sheet. 
This  magnetic  current  is  perpendicular  to  E;  by  (14)  its  density  is 


M^'  =-£„,= 


P 


M..  =  0. 


(22^ 


The  constant  E  is  related  to  the  voltage  V  between  the  ends  of  the 
coaxial  conductors;  in  fact,  we  have 


V 


C^  b 


P    = 


V 


1    ^ 


(23) 
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In  order  to  calculate  the  field  at  some  point  A  due  to  the  distribution 
(20),  we  must  determine  the  retarded  electric  vector  potential.  Since 
the  integration  is  vectorial,  it  is  convenient  to  deal  with  the  cartesian 
components  of  the  magnetic  current  density 

M..=^^^,        M..=  -^^^-  (24) 

P  P 

The  area  of  the  element  is  p'dp'dip'  so  that  the  components  of  the 
retarded  potential  are 

.     ,'''  r^-M^'e-'^-^-^' p'dp'dip' 
rx  — 


AA' 


AA' 


dp'dip',  (25) 


F„=--l     1      -^, dpd^,     ^^^^e=^  =  -. 

Hence  the  components  in  the  polar  coordinates  are 

dp'd<p',  (26) 


F^  =  —  Fx  sin  (p  -\-  Fy  cos  (p 

b   /»2xg-iMA'  cos  ((^  —   <p') 


_  _p_  f"'  r 

F,  =  0. 


The  distance  AA'  is 


^^'  =  \V2  -  2rp'  cos  I?  +  p'\  (27) 

where  r  is  the  distance  OA,  and  d  is  the  angle  between  OA  and  0^'. 
Since  we  are  interested  in  the  radiation  field  alone,  we  need  retain  only 
those  terms  in  (24)  which  vary  inversely  as  the  distance;  the  other 
terms  contribute  nothing  to  the  radiated  power.  Thus  we  let  r 
increase  indefinitely,  obtaining 

^^'  =  /-  -  p'  cos  d,  (28) 

and  then 

F^=  -  ^ —         I      e'^"'  -=-  '  cos  {<p  -  ^')dp'd^'.  (29) 

'*^''   Ja  Jo 

If  d  and  6'  are  the  angles  made  by  OA  and  OA'  with  OZ,  we  have 

cos  d  =  cos  d  cos  6'  +  sin  6  sin  ^'  cos  (cp  —  <p') 

=  sin  ecos  (^  -  if').  (30) 

Since  p'  is  small  by  comparison  with  the  wave-length  X,  we  can  expand 
the  exponential  term  in  the  integrand  into  a  power  series  and  retain 


SOME  EQUIVALENCE   THEOREMS  OF  ELECTROMAGNETICS     111 
only  the  first  two  terms 

gi&p'  cos .?  ^  1  ^  j^p>  COS  t?  =  1  +  i0p'  sin  9  cos  {,p  -  <p').        (31) 

We  need  the  second  term  because  the  integral  of  the  first  vanishes. 
Integrating  the  second  term,  we  obtain 

ilSPe-'^^  sine   r"       ,   f  2. 

=  -^iiS(^)2  -  a^)P  t sin0. 

8  r 

The  magnetic  current  is  uniform  around  the  axis  and  there  is  no 
accumulation  of  magnetic  charge  anywhere ;  hence  the  second  term  in 
the  expression  for  H  as  given  by  (11)  vanishes.     Therefore 

iJ^  ^  _  ^coe(3{b^  -  a^)  ^-^  sin  6.  (33) 

At  a  great  distance  from  the  source  the  wave  tends  to  become  plane  so 
that  in  the  radiation  field  the  electric  intensity  is  perpendicular  to  OA 
and  to  H  and  is  given  by 

'^H^=  UOttH^.  (34) 

According  to  Poynting  the  radiated  power  is  the  real  part  of  the 
following  integral 

W  =  ^  11      EeH^*r^  sin  6  dd  d<p  watts,  (35) 


2  Jo  I 


where  H^*  is  the  complex  number  conjugate  to  H^.     Substituting  from 
(31)  and  (32),  we  obtain 


3      /   A2    _    ^2  \  2  /»?r  /'2ir 


^^^(^V^'^  ^' '  "'"'^^^ '  ^^ 


r  s\n^d  dd  C 
Jo  Jo 


/,2    _   ^2  \  2 

360  '  ~^  '  ^'  ''■^"''  ^^^^ 

Introducing  from  (21)  the  expression  for  P  and  designating  by  5  the 
area  of  the  opening,  we  have 


^=^/-^W"  watts.  (37) 


-(^0''^" 
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The  effect  of  radiation  on  the  transmission  line  can  be  simulated  by  a 
resistance  R, 


K  —  — TT  \  — 7^ —  /  ohms 


(38) 


shunted  across  the  open  end.  This  is  not  the  resistance  seen  by  the 
generator.  If  V  and  /  are  the  amplitudes  of  the  voltage  and  the 
electric  current  at  their  antinodes  and  Zq  the  characteristic  impedance 
of  the  coaxial  pair,  then 


F  =  Zo/  -  (eoiog^W. 


(39) 


Since  the  end  of  the  coaxial  pair  is  a  voltage  antinode,  the  radiated 
power  may  be  expressed  as 


W  ^  107r2('^V^' watts. 


(40) 


Hence  the  radiation  resistance  seen  by  a  generator  placed  at  a  current 
antinode  is 

20^252 


Ra  = 


X^ 


ohms. 


(41) 


With  this  simple  illustration,  we  conclude  the  present  paper. 


Magnetic  Alloys  of  Iron,  Nickel,  and  Cobalt  * 

By  G.  W.  ELMEN 

The  unexpected  magnetic  properties  of  certain  alloys  of  iron  and  nickel 
discovered  some  20  years  ago  led  to  a  thorough  study  of  the  entire  range  of 
iron-nickel  alloys.  The  results  of  this  study  were  so  encouraging  that 
alloys  of  these  metals  with  cobalt,  the  only  other  ferromagnetic  metal,  also 
were  studied,  as  well  as  various  alloys  of  these  metals  with  small  amounts 
of  non-magnetic  metals  added.  From  the  results  of  this  extended  investi- 
gation have  emerged  several  alloys  that  are  playing  important  parts  in  the 
continued  advancement  of  electrical  communication. 

SOME  alloys  of  iron,  nickel,  and  cobalt  have  remarkable  magnetic 
properties  superior  in  many  situations  to  those  of  the  constituent 
metals.  Many  of  these  alloys  have  found  wide  use  in  the  instru- 
mentalities and  circuits  of  electrical  communication,  and  were  devel- 
oped primarily  for  that  purpose.  This  paper  reports  the  experience 
and  techniques  of  the  Bell  Telephone  System  in  the  development  and 
utilization  of  these  materials. 

The  advantageous  properties  of  these  alloys  were  disclosed  through 
exhaustive  researches,  during  which  the  whole  realm  of  combinations 
of  these  three  metals  was  explored.  That  certain  alloys  of  iron  and 
nickel  had  unexpected  properties  at  low  flux  densities  had  already  been 
discovered  in  the  Bell  Telephone  Laboratories.  There  was  at  that 
time  no  theoretical  basis  for  predicting,  or  even  explaining,  the  charac- 
ter of  those  alloys;  and,  therefore,  a  study  was  undertaken  of  the  whole 
iron-nickel  series.  The  results  were  so  encouraging  that  combinations 
of  these  elements  with  cobalt  likewise  were  studied;  and  finally  those 
alloys  of  special  interest  were  combined  with  varying  amounts  of  non- 
magnetic metals.  In  the  course  of  this  investigation  several  thousand 
specimens  were  made  and  tested  in  a  period  extending  over  fifteen 
years. 

Such  an  empirical  investigation  is  time  consuming  and  expensive, 
but  in  a  field  where  so  little  theory  was  available  for  guidance  it  was 
the  only  certain  means  to  determine  the  practical  possibilities  of  these 
alloys.  It  has  been  justified  by  the  large  number  of  alloys  it  has 
developed  for  practical  use  in  communication  engineering.  One  of 
the  first  and  most  striking  applications  was  to  submarine  telegraph 
cables.     The  largest  field  of  application,  however,  has  been  in  teleph- 

*  Published  in  the  December  1935  issue  of  Electrical  Engineering,  and  scheduled 
for  presentation  at  the  Winter  Convention  of  the  A.  I.  E.  E.,  New  York  City,  Janu- 
ary 28-31,  1936. 
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ony,  where  the  requirements  generally  are  very  exacting,  and  where 
other  advances  have  imposed  rigid  demands  on  the  magnetic  materials. 
In  telephone  circuits,  standards  of  transmission  efficiency  require 
that  the  magnetic  materials  used  as  circuit  elements  shall  produce 
maximum  magnetic  effect  with  minimum  energy  loss  and  distortion  of 
the  transmitted  currents.  Translated  into  magnetic  characteristics, 
this  means  that  at  low  magnetizing  forces  the  material  shall  have  high 
permeability  in  combination  with  low  hysteresis  loss,  and,  in  many 
situations,  constancy  of  permeability  over  the  operating  range.  In 
circuits  for  voice  and  carrier  currents  it  is  often  necessary  to  reduce 
the  intrinsic  permeability  of  the  material  to  obtain  the  required  con- 
stancy and  low  losses  in  the  apparatus.  Furthermore,  to  minimize 
eddy  currents,  a  high  resistivity  is  required  and  the  material  must  be 
structurally  suitable  for  fabrication  into  thin  laminations.  For  other 
uses,  such  as  for  signaling  and  switching  mechanisms,  the  magnetic 
properties  at  medium  and  high  flux  densities  determine  the  suitability 
of  the  material.  High  permeability  and  low  coercive  force  make  for 
improved  sensitivity  and  speed  of  operation.  Low  coercive  force  is  of 
special  interest  in  marginal  apparatus  where  the  difference  between 
the  operating  and  releasing  currents  is  small. 


Preparation  and  Composition  of  the  Alloys 

A  great  many  factors  contribute  to  the  final  properties  of  an  alloy. 
Among  the  most  important  of  these  are  the  purity  of  the  elements  used 
in  the  alloy,  their  preparation,  and  the  heat-treatment.  The  mag- 
netic properties  attainable  can  be  completely  masked  by  the  intrusion 
of  small  quantities  of  certain  impurities  or  by  improper  heat-treatment. 
For  iron  the  magnetic  properties  can  be  improved  materially  by 
removing  extremely  small  quantities  of  carbon  and  other  non-metallic 
elements  through  heat-treating  *  in  an  atmosphere  of  hydrogen  and  at 
temperatures  close  to  the  melting  point.  This  method  of  purification 
also  improves  the  magnetic  properties  for  alloys  of  iron,  nickel,  and 
cobalt.  For  communication  purposes,  it  has  not  been  found  expedient 
as  yet  to  introduce  this  method  of  refinement  in  the  commercial  pro- 
duction of  these  alloys.  The  purity  of  the  constituents  is  controlled 
by  ordinary  methods  of  chemical  analysis,  by  methods  of  melting,  and 
by  annealing  processes  which  do  not  increase  the  amounts  of  important 

*  There  is  a  rapidly  growing  technical  literature  relating  to  the  effects  of  very 
small  percentages  of  impurities  on  magnetic  properties  and  the  methods  for  their 
removal,  with  notable  contributions  by  T.  D.  Yensen  of  the  Westinghouse  Electric 
and  Manufacturing  Company,  W.  E.  Ruder  of  the  General  Electric  Company,  and 
P.  P.  Ciofifi  of  the  Bell  Telephone  Laboratories. 
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impurities.  The  magnetic  properties  recorded  in  this  paper  have 
therefore  been  confined  mostly  to  those  obtained  on  materials  pro- 
duced by  standard  metallurgical  methods. 

In  the  commercial  method  of  producing  these  alloys  the  best  grades 
of  commercial  iron,  nickel,  and  cobalt  are  used.  The  melting  is  done 
in  an  electric  furnace,  and  after  the  mechanical  fabrication  into  suitable 
shapes  these  alloys  are  heat-treated  to  develop  the  desired  magnetic 
properties. 

Early  in  an  investigation  of  these  alloys  it  was  found  that  some  of 
them  required  special  heat-treatments  to  develop  the  desired  magnetic 
properties.  For  some  the  slow  cooling  incident  to  the  ordinary  process 
of  annealing  was  not  suitable,  and  a  rapid  cooling  was  necessary. 
For  another  group  the  slow  cooling  in  the  annealing  process  was  not 
slow  enough,  and  the  best  results  were  obtained  when  the  alloys  were 
held  at  a  constant  high  temperature  for  a  considerable  time.  It  was 
evident  that  to  determine  the  most  suitable  temperature  of  heating 
and  rate  of  cooling  for  each  alloy  would  require  more  time  than  was 
warranted  in  the  exploratory  work.  Three  methods  of  heat-treatment 
that,  in  a  general  way,  would  separate  the  alloys  into  groups,  were 
developed.  These  heat-treatments  are  designated  in  this  paper  as 
"annealing,"  "quenching,"  and  "baking." 

The  annealing  process  consists  of  heating  the  samples  in  closed 
containers  to  a  temperature  of  1,000  degrees  centigrade,  and  cooling 
with  the  furnace.  The  cooling  ordinarily  requires  7  hours  before  room 
temperature  is  reached.  This  heat-treatment  is  primarily  for  the 
purpose  of  removing  the  effects  of  mechanical  strains  necessarily 
resulting  from  the  rolling  and  stamping  of  the  alloys  into  suitable 
shapes.  All  the  alloys  discussed  in  this  paper  received  this  heat- 
treatment  before  any  of  the  more  special  processes  were  applied. 

The  quenching  process  consists  of  heating  the  alloys  for  a  short  time 
at  600  degrees  centigrade,  and  cooling  in  air  at  room  temperature  for 
small  samples  with  large  surfaces,  and  in  oil  for  larger  samples.  The 
rate  of  cooling  attained  by  these  methods  is  approximately  40  degrees 
centigrade  per  second.  It  has  been  found  that  the  best  rate  of  cooling 
for  maximum  permeability  does  not  always  develop  the  highest  initial 
permeability.  The  difference,  however,  is  not  large,  and  often  is 
masked  by  other  variations  in  the  manufacturing  process. 

The  baking  process  consists  of  heating  the  alloys  for  24  hours  at 
425  degrees  centigrade,  and  then  slowly  cooling  to  room  temperature. 
The  rate  of  cooling  does  not  affect  the  development  of  the  magnetic 
properties  unless  it  is  so  rapid  as  to  introduce  mechanical  strains. 
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Classification  of  the  Alloys 

A  convenient  way  of  showing  graphically  the  compositions  of  the 
alloys  of  iron,  nickel,  and  cobalt  is  by  means  of  the  composition  triangle 
in  Fig.  1.  The  sides  of  this  triangle  represent  the  binary  alloys  of  the 
three  metals,  and  points  inside  the  triangle,  the  ternary  alloys. 


70  60 

PERMENDUR_ 
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IRON    IN    PER    CENT 


100 

0 


A 


Fig.  1 — Coniposition  diagram  for  alloys  of  iron,  nickel  and  cobalt. 

In  this  diagram  the  alloys  of  special  interest  because  of  their  mag- 
netic properties  are  indicated,  and,  for  convenience,  each  group  in 
which  the  magnetic  properties  are  similar  has  been  given  a  specific 
name. 

On  the  iron-nickel  side  of  the  triangle  the  permalloy  region  is  indi- 
cated. In  this  group  several  compositions  have  been  developed  for 
commercial  use  in  the  Bell  System.  The  method  of  identifying  these 
alloys  consists  of  prefixing  a  numeral  indicating  the  per  cent  of  nickel; 
for  example,  45-permalloy  contains  45  per  cent  nickel  and  55  per  cent 
iron.     To  some  of  these  permalloys  small  amounts  of  other  metals  also 
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are  added.  In  designating  ternary  permalloys  the  same  scheme  is 
extended,  so  that  the  name  gives  everything  except  the  iron  content, 
and  this  is  obtainable  by  difference.  Thus,  3.8-78.5  Cr-permalloy 
contains  3.8  per  cent  chromium,  78.5  per  cent  nickel,  and  17.7  per  cent 
iron. 

The  perminvar  region,  enclosed  by  the  curved  line,  contains  those 
compositions  that  require  baking  to  develop  completely  their  charac- 
teristic magnetic  properties.  The  specific  compositions  of  these 
alloys  are  indicated  by  two  prefixed  numerals,  the  first  indicating  the 
nickel  and  the  second  the  cobalt  percentages,  respectively.  Thus 
the  45-25  perminvar  alloy  contains  45  per  cent  nickel,  25  per  cent 
cobalt,  and  30  per  cent  iron.  Another  alloy  of  the  perminvar  group,  in 
which  the  nickel  and  cobalt  percentages  are  the  same  as  the  alloy 
just  mentioned,  but  which  contains  7  per  cent  molybdenum  and  23 
per  cent  iron,  is  designated  as  7-45-25  Mo-perminvar. 

In  the  iron-cobalt  series  of  alloys  the  composition  50  per  cent  iron 
and  50  per  cent  cobalt  has  been  developed  for  commercial  use.  This  is 
the  permendur  alloy,  indicated  in  the  triangular  diagram  in  Fig.  1. 
This  alloy  is  difficult  to  cold  roll,  but  the  addition  of  1.7  per  cent 
vanadium  improves  the  mechanical  properties  and  makes  it  sufficiently 
ductile  to  roll  into  thin  sheets.  The  same  system  has  been  followed  in 
designating  this  alloy  as  in  the  case  of  the  permalloys.  Thus  1.7 
V-permendur  is  an  alloy  containing  1.7  per  cent  vanadium  with  iron 
and  cobalt  in  equal  proportions. 

Table  I  lists  the  designations  and  compositions  of  those  alloys, 
developed  for  particular  purposes,  which  are  discussed  more  fully  in 
the  remainder  of  this  paper. 

TABLE  I 
Designations  and  Compositions  of  Some  Magnetic  Alloys 


Designation 


78.5  permalloy 

80  permalloy 

45  permalloy 

3.8-78.5  Cr-permalloy . 
3.8-78.5  Mo-permalloy . 
2-80  Mo-permalloy .  . .  . 

45-25  perminvar 

7-45-25  Mo-perminvar. 

Permendur 

1.7  V-permendur 


Composition,  Per  Cent 


Ni 


78.5 

80 

45 

78.5 

78.5 

80 

45 

45 


Fe 


21.5 

20 

55 

17.7 

17.7 

18 

30 

23 

50 

49.15 


Co 


25 
25 
50 
49.15 


Cr 


3.8 


Mo 


1.7 


Ni  =  nickel;     Fe  =  iron;     Co  =  cobalt;     Cr  =  chromium;     Mo  =  molybdenum; 
V  =  vanadium. 
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In  Figs.  2,  3,  and  4  are  shown  the  magnetization  curves  for  low, 
medium,  and  high  magnetizing  forces  for  these  alloys,  except  the  80 
permalloy  and  the  1.7  V-permendur,  for  which  the  curves  are  sub- 
stantially the  same  as  for  78.5  permalloy  and  permendur,  respectively. 
Curves  for  "Armco"  iron  and  ordinary  commercial  4  per  cent  silicon 
steel  also  are  shown  in  these  figures.  All  these  materials  were  an- 
nealed, and  in  the  case  of  the  78.5  permalloy  and  the  perminvars  the 
annealing  was  followed  by  quenching  and  baking,  respectively.     It 
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Fig,  2 — Magnetization  curves  for  several  permalloys  for  flux  densities  less  than 
6,000  gausses. 

may  be  seen  from  these  curves  that  the  permalloy  group  reaches 
almost  saturation  values  long  before  the  iron  and  silicon  steel  and  the 
other  alloys  have  reached  the  lower  bend  in  the  magnetization  curve. 
With  the  exception  of  the  45-permalloy,  which  saturates  at  a  fairly 
high  value,  the  permalloys  have  low  saturation  induction  and  the 
permendur  the  highest.  The  permeability  curves  computed  from 
these  curves  are  plotted  in  Figs.  5  and  6.  In  Fig.  5,  curves  for  the 
permalloy  alloys  are  plotted  at  a  smaller  vertical  scale  than  in  Fig.  6 
containing  the  curves  for  the  other  alloys. 
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Fig.  5 — Permeability  curves  for  permalloys. 

The  permeability  for  alternating  current  of  small  constant  amplitude 
as  a  function  of  superposed  d.-c.  magnetizing  force  is  shown  in  Fig.  7 
for  some  of  the  alloys.  In  most  apparatus  where  both  alternating  and 
direct  current  are  involved,  this  "butterfly  curve"  must  be  relatively 
flat  over  the  expected  range  of  d.-c.  excitation.  The  important 
magnetic  constants  for  these  alloys  are  given  in  table  II. 

Permalloys 

In  Fig.  8  the  initial  and  maximum  permeabilities  and  the  coercive 
force  and  resistivities  are  plotted  for  quenched  alloys  of  the  iron-nickel 
series.  These  curves  show  the  remarkable  variations  in  magnetic 
properties  with  composition  in  this  series  of  alloys.  The  permalloy 
region  includes  alloys  between  30  and  95  per  cent  nickel,  as  indicated  in 
Fig.  1.  Some  of  the  alloys  in  this  region,  particularly  from  50  to  85 
per  cent  nickel,  require  rapid  cooling  to  develop  the  magnetic  proper- 
ties indicated  in  the  curves.  If  they  are  merely  annealed,  both  the 
maximum  and  the  initial  permeabilities  are  much  lower.  The  greatest 
effect  in  reducing  the  permeabilities  by  slow  cooling  appears  to  be  for 
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TABLE  II 
Magnetic  Constants  for  Alloys  Discussed  in  This  Paper 


Material 

"Armco"  iron 

4%  silicon-steel 

78.5  permalloy, 

quenched  

45  permalloy 

3.8-78.5  Cr-permalloy .  . 
3.8-78.5  Mo-permalloy. 
45-25  perminvar, 

baked  

7-45-25  Mo-perminvar, 

baked 

Permendur 


^iO 

Mm 

">/  =  00 

Br 

He 

250 
600 

7,000 
6,000 

5,000 
3,500 

13,000 
12,000 

1.0 
0.5 

10,000 

2,700 

12,000 

20,000 

105,000 
23,000 
62,000 
75,000 

200 

1,200 

200 

200 

6,000 
8,000 
4,500 
5,000 

0.05 
0.3 
0.05 
0.05 

400 

2,000 

2,500 

3,000 

1.2 

550 
700 

3,700 
7,900 

2,600 
6,000 

4,300 
14,000 

0.65 
1.0 

{B-II)ii  =  oc 


22,000 
20,000 

10,700 

16,000 

8,000 

8,500 

15,500 

10,300 
24,000 


11 
50 

16 

45 
65 

55 

19 

80 
6 


Here  no  and  ^m  are  the  initial  and  maximum  permeabilities,  respectively;  I^//=co 
is  the  hysteresis  loss  in  ergs  per  cubic  centimeter  per  cycle  for  saturation  value  of 
flux  density;  Br  is  the  residual  induction  in  gausses;  H^  is  the  coercive  force  in  oersteds; 
{B  —  H)f{=co  is  the  saturation  value  of  the  intrinsic  induction  in  gausses;  p  is  the 
resistivity  in  microhms-centimeter. 

the  alloys  containing  between  70  and  80  per  cent  nickel ;  for  example, 
78.5  permalloy  with  a  standard  anneal  has  its  initial  permeability 
reduced  to  1,200.  If  the  alloy  is  baked  for  several  hundred  hours  this 
permeability  can  be  reduced  still  further  to  about  500.  There  is  a 
very  rapid  decrease  in  the  coercive  force  as  the  nickel  increases  above 
27  per  cent,  and  the  lowest  values  are  reached  in  the  region  between 
70  and  80  per  cent  nickel.  The  resistivity  increases  rapidly  just  below 
the  permalloy  region,  and  reaches  maximum  at  about  31  per  cent 
nickel.  It  should  be  noted  that  the  large  changes  in  the  coercive 
force  and  the  resistivity  are  at  the  lower  end  of  the  permalloy  region, 
while  the  highest  permeabilities  are  developed  in  the  alloys  containing 
between  75  and  80  per  cent  nickel. 


45-Permalloy 

One  of  the  alloys  developed  for  commercial  use  is  45-permalloy. 
This  attains  a  saturation  flux  density  as  high  as  any  of  the  permalloys. 
At  40  oersteds  the  flux  density  is  16,000  gausses,  substantially  the  same 
as  for  "Armco"  iron,  and  considerably  higher  than  for  ordinary  silicon 
steel  (Fig.  4).  The  initial  and  maximum  permeabilities  (under 
standard  practice  of  heat-treating)  are  2,700  and  23,000,  respectively 
(Fig.  5  and  Table  II).  For  cores  requiring  flux  densities  between  8,000 
and  12,000  gausses  this  alloy  is  specially  useful.  The  resistivity  of 
the  alloy  is  45  microhms-centimeter,  which  is  high  enough  to  make  it 
superior  for  use  in  cores  in  a.-c.  circuits.     The  higher  permeability  at 
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8 — Resistivity,  initial  and  maximum  permeabilities,  and  coercive  force  of  iron- 
nickel  alloys. 


fairly  high  values  of  superposed  d.-c.  field,  shown  in  Fig.  7,  also  favors 
its  use  for  some  purposes. 

7  8. 5 -Permalloy 

Another  alloy  long  used  in  the  telephone  plant  is  78.5  permalloy. 
Quenching  develops  a  higher  maximum  permeability  in  this  than  in 
any  of  the  other  permalloys.  Initial  and  maximum  permeabilities  of 
10,000  and  105,000  readily  are  developed.  The  hysteresis  loss  and 
the  coercive  force  of  quenched  78.5  permalloy  are  minimum.  The 
saturation  flux  density  of  this  alloy  is  between  10,000  and  11,000 
gausses,  and  it  is  reached  with  a  very  low  magnetizing  force.  The 
rapid  rise  in  the  flux  density  of  this  alloy  for  small  increments  in  the 
magnetizing  force  and  the  low  saturation  flux  density  are  shown  in 
Figs.  2,  3,  and  4. 
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Initial  and  maximum  permeabilities  of  78.5  permalloy  are  improved 
by  elimination  of  impurities  and  also  by  special  care  in  the  quenching 
process.  As  stated  earlier,  the  rates  of  cooling  required  to  develop 
the  highest  initial  permeability  differ  from  those  for  the  highest 
maximum. 

Chromium  Permalloy  and  Molybdenum  Permalloy 
When  other  metals  are  added  to  permalloys  their  resistivities,  in 
general,  are  increased.  In  research  work  at  the  Bell  laboratories 
chromium  and  molybdenum  mostly  were  used.  It  was  found  that  with 
these  elements  a  desirable  combination  of  high  resistivity  and  high 
initial  permeability  could  be  obtained.  The  variation  in  resistivity, 
keeping  the  nickel  content  constant  at  78.5  per  cent,  is  shown  in  Fig.  9. 
Chromium  increases  the  resistivities  somewhat  more  than  molybdenum 
for  a  given  addition,  but  the  difference  is  not  very  large.  The  3.8-78.5 
Cr-permalloy  has  a  resistivity  of  65  microhms-centimeter,  as  compared 
with  55  for  the  3.8-78.5  Mo-permalloy. 

Figure  9  also  illustrates  the  manner  in  which  additions  of  these 
metals  affect  the  initial  permeability  and  the  sensitivity  of  the  perme- 
ability to  rate  of  cooling.  The  solid  line  curves  are  for  the  annealed 
and  the  broken-line  curves  for  the  quenched  specimens.  For  the 
quenched  alloys  the  highest  permeabilities  are  obtained  when  the 
added  chromium  and  molybdenum  are  2.4  per  cent  and  1.6  per  cent, 
respectively.  For  this  cooling  rate  the  chromium  permalloy  seems 
to  develop  a  slightly  higher  initial  permeability.  The  difference, 
however,  is  small,  and  a  greater  spread  between  different  samples 
has  been  observed.  For  the  annealed  alloys  the  largest  value  of 
initial  permeability  is  obtained  with  molybdenum  permalloy.  F'or 
3.8  Mo-permalloy  an  initial  permeability  of  20,000  is  obtained.  With 
the  same  heat-treatment  the  initial  permeability  of  the  corresponding 
chromium  alloy  is  12,000.  It  is  surprising  to  note  that  small  additions 
of '  these  non-magnetic  metals  increase  the  initial  permeability 
to  values  considerably  higher  than  that  for  quenched  78.5  permalloy. 
Beyond  5  per  cent  this  improvement  ceases.  All  additions  decrease 
the  saturation  induction  values  and  the  maximum  permeabilities. 

Several  of  these  alloys  have  been  developed  for  commercial  use. 
Of  these  the  most  important  are  2-80  Cr-permalloy,  3.8-78.5  Cr- 
permalloy,  and  3.8-78.5  Mo-permalloy. 

Perminvar 

The  distinctive  magnetic  properties  of  the  perminvars  are  constancy 
of  permeability  at  low  flux  densities,  a  low  hysteresis  loss  in  the  same 
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Fig.  9 — Resistivity  and  initial  permeability  of  78.5  permalloy  with  chromium  or 
molybdenum  replacing  part  of  the  iron.  In  the  curve  designations,  X  indicates  the 
percentage  of  chromium  (Cr)  or  molybdenum  (Mo)  as  read  from  the  abscissa. 
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range,  and,  for  medium  flux  densities,  a  characteristic  constriction 
in  the  middle  of  the  hysteresis  loop.  In  some  alloys  this  constriction 
is  so  extreme  that  the  coercive  force  vanishes,  making  the  two  branches 
of  the  loop  coincide  when  the  magnetizing  force  is  reduced  to  zero,  in 
spite  of  the  considerable  hysteresis  loss  involved  in  the  entire  cycle. 
At  high  flux  densities  this  constriction  disappears  and  the  loops  have 
normal  shapes. 

The  degree  to  which  these  properties  can  be  developed  depends  on 
the  composition  and  the  heat-treatment.  For  the  most  typical  alloys 
slow  cooling  in  the  annealing  process  produces  this  effect  to  a  certain 
degree.  Baking  for  24  hours  in  the  400-500  degree  (centigrade) 
temperature  range  brings  most  alloys  into  a  stable  condition  in  which 
no  further  baking  materially  will  affect  the  magnetic  properties. 

As  indicated  in  Fig.  1,  some  of  the  binary  alloys  tend  toward  the 
perminvar  characteristics  wath  long  baking.  Of  the  permalloys  a 
considerable  proportion  of  those  that  must  be  quenched  to  develop 
the  desirable  magnetic  properties  show  perminvar  characteristics 
when  they  are  baked. 

45-25  Perminvar 

The  perminvar  characteristics  have  been  developed  most  intensely 
in  45-25  perminvar.  The  magnetization  curve  in  Fig.  3,  and  the 
permeability  curve  in  Fig.  6,  illustrate  this  fact.  The  constancy  of 
permeability  at  low  magnetizing  forces  and  the  necessity  of  "baking" 
to  attain  this  condition  are  illustrated  in  one  of  the  sections  of  Fig.  10, 
where  the  permeabilities  are  plotted  for  the  quenched  and  baked 
conditions.  The  permeability  of  the  quenched  alloy  begins  to  change 
at  very  low  magnetizing  forces,  but  that  of  the  baked  alloy,  though 
lower,  remains  constant  for  magnetizing  forces  up  to  3  oersteds. 

Hysteresis  loops  for  this  alloy  in  the  two  conditions  are  shown  in 
Fig.  10  for  maximum  flux  densities  of  less  than  1,000  and  more  than 
5,000  gausses.  For  the  baked  alloy  the  hysteresis  loops  for  maximum 
flux  densities  less  than  1,000  gausses  cannot  be  measured  by  ordinary 
ballistic  methods,  because  the  two  sides  of  the  loop  coincide  in  a 
straight  line.  For  loops  with  higher  maximum  flux  densities  the  area 
begins  to  appear,  but  the  two  branches  of  the  loop  still  meet  at  the 
origin.  Although  the  coercive  force  is  sensibly  zero  for  the  baked 
alloy  until  the  maximum  flux  density  exceeds  5,000  gausses,  the  hys- 
teresis loss  represented  by  the  loop  may  become  considerably  greater 
than  that  for  the  quenched  alloy. 

7-45-25  Mo-Perminvar 
The  extremely  low  hysteresis  loss  and  constancy  of  permeability  at 
low  flux  densities  makes  45-25  perminvar  a  suitable  material  for 
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Fig.  10 — Hysteresis  loops  and  permeability  curves  for  45-25  perminvar. 
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applications  where  distortion  and  energy  loss  are  fatal  to  good  quality 
of  transmission.  The  resistivity  of  this  alloy  is  only  18  microhms- 
centimeter,  but  it  can  be  increased  without  serious  sacrifice  of  the  low 
hysteresis  characteristic  by  adding  molybdenum.  The  alloy  chosen 
for  commercial  use  is  7-45-25  Mo-perminvar,  having  a  resistivity  of 
80  microhms-centimeter. 

The  manner  in  which  molybdenum  affects  the  magnetic  properties  is 
illustrated  in  Figs.  3,  4,  and  6.  The  permeability  is  not  quite  so  inde- 
pendent of  the  magnetizing  force  as  for  the  alloy  without  molybdenum, 
nor  is  the  hysteresis  loss  quite  so  low.  The  initial  permeability  for 
the  alloy  baked  the  customary  24  hours  is  somewhat  higher.  When 
baked  for  a  longer  period  the  magnetic  characteristics  tend  more 
toward  those  of  45-25  perminvar. 

Permendur 

• 

An  alloy  in  the  iron-cobalt  series  used  in  communication  apparatus  is 
permendur.  The  typical  composition  is  50  per  cent  iron,  50  per  cent 
cobalt.  The  outstanding  magnetic  property  of  this  alloy  is  high 
permeability  in  the  range  of  flux  densities  between  12,000  and  23,000 
gausses  (Figs.  4  and  6).  The  high  permeability  of  this  alloy  "endures" 
to  higher  flux  densities  than  does  the  permeability  of  any  other  mag- 
netic material.  Its  initial  permeability  is  about  700,  though  values  as 
high  as  1,300  have  been  observed  for  some  samples.  In  addition  to  the 
high  permeability  at  high  flux  densities  permendur  also  has  a  relatively 
flat  "butterfly"  curve,  as  may  be  seen  in  Fig.  7.  For  a  superposed 
d.-c.  magnetizing  force  of  10  oersteds  the  a.-c.  permeability  of  "  Armco  " 
iron  is  40,  as  compared  with  200  for  permendur. 

1.7  V -Permendur 

Permendur  is  difficult  to  roll  into  sheets,  because  of  its  brittleness. 
To  overcome  this  difficulty  1.7  per  cent  vanadium  is  added.  With 
this  addition  it  may  be  rolled  into  sheets  as  thin  as  a  few  thousandths 
of  an  inch.  Th  s  amount  of  vanadium  affects  the  magnetic  properties 
only  slightly,  although  larger  amounts  decrease  the  permeability  at 
high  flux  densities. 

Another  improvement  incident  to  the  addition  of  vanadium  is  a 
fourfold  increase  of  resistivity  from  its  value  of  6  microhms-centimeter 
for  simple  permendur.  Permendur,  it  may  be  noted,  has  the  lowest 
resistivity  of  the  iron-cobalt  series. 

Laboratory  Results 
As  stated  hereinbefore,  all  the  alloys  that  have  been  discussed  have 
been  made  on  a  factory  scale  for  some  use  in  the  telephone  plant. 
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This  paper,  however,  would  be  incomplete  without  mention  of  some 
of  the  remarkable  magnetic  properties  obtained  in  laboratory  samples. 
In  table  III  some  of  these  magnetic  achievements  are  tabulated.  The 
special  treatments  given  these  specimens  are  noted  also  in  this  table. 

TABLE  III 
Some  Remarkable  Magnetic  Properties  Obtained  in  Laboratory  Specimens  * 


Material 

/^o 

/im 

Hfor 
IJ-m 

He 

Heat  Treatment 

"  Armco"  iron 

20,000» 

340,0001 

0.021 

0.031 

18  hr.  at  1,480  deg.  C, 
followed  by  18  hr.  at 
880  deg.  C,  both  in  hy- 
drogen 

45  permalloy 

11,000 

227,000 

0.025 

0.0145 

Melted  in  vacuum;  elec- 
trolytic iron  and  elec- 
trolytic nickel;  18  hr.  at 
1,300  deg.  C.  inthydro- 
gen 

65  permalloy 

2,500 

610,0002 

0.0148 

0.0122 

18hr.  at  1,400  deg.  C.  in 
hydrogen ;  heated  to  650 
deg.  C.  1  hr.,  cooled  in 
magnetic  field  of  16  oer- 
steds in  hydrogen 

78.5  permalloy 

13,0003 

405,000^ 

0.0101 

0.0153 

2|x  2x0.109  in.  tape; 
annealed ;  wrapped  in  2 
layers  of  3  mil.  tape  and 
quenched  from  600  deg. 
C.  in  tap  water 

3.8-78.5  Mo-perm- 

alloy   

34,000' 

140,0001 

0.0251 

1,400  deg.  C.  in  hydro- 
gen 

Permendur 

1,000 

37,000 

0.22 

0.20 

940  deg.  C.  in  hydrogen 

for  18  hr.,  slowlv  cooled 

to  room  temperature 

Permendur 

1,300 

29,000 

0.27 

940  deg.  C.  in  hvdrogen. 

6  hr.;  slowly  cooled  to 

room  temperature 

45-25  perminvar .... 

189,000 

0.052 

0.059 

Heated  to  1,000  deg.  C 
in  hvdrogen,  reheated 
to  700  deg.  C.  and 
cooled  in  hvdrogen  in 
a  magnetic  field  of  14 
oersteds 

For  explanation  of  symbols  in  headings  see  footnote  to  table  II. 

*  Except  as  noted,  the  values  in  this  table  have  not  previously  been  published. 


Engineering  Applications 

One  of  the  first  uses  of  the  permalloys  was  for  continuous  loading  of  a 
telegraph  cable  between  New  York  and  the  Azores  laid  in  1924.  For 
this  project  78.5  permalloy  was  used  in  the  form  of  a  0.125  by  0.006 
inch  tape  wrapped  helically  on  a  stranded  copper  conductor.  The 
average  initial  permeability  of  this  alloy  in  the  laid  cable  was  2,300, 
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considerably  less  than  can  be  obtained  under  the  best  conditions  of 
heat-treatment  and  absence  of  strains.  With  this  loading,  the  speed 
of  transmitting  messages  was  increased  fivefold.^  By  the  time  a 
second  cable  project  was  undertaken  the  chromium  permalloys  had 
been  developed,  and  2-80  Cr-permalloy  was  selected.  This  alloy  has 
a  resistivity  of  45  microhms-centimeter,  and  the  initial  permeability 
of  the  loading  on  the  laid  cable  was  in  the  neighborhood  of  3,700.  The 
increase  in  permeability  and  in  resistivity  increased  materially  the 
message  carrying  capacity.^ 

The  largest  use  of  permalloys  in  the  telephone  plant  has  been  in 
cores  of  loading  coils,®  where  the  alloy  is  used  in  the  form  of  com- 
pressed insulated  dust.  Iron  dust  cores  had  been  standard  for  these 
coils. ^  The  lower  magnetic  losses  of  permalloy  dust,  however,  per- 
mitted utilizing  higher  core  permeabilities.  This  has  resulted  in  a 
very  material  decrease  in  the  size  of  loading  coils.  For  a  high  grade 
loading  coil  core  made  from  iron  dust  the  effective  core  permeability 
at  low  flux  densities  had  to  be  limited  to  ZZ.  The  first  permalloy  used 
for  loading  coil  cores  was  80  permalloy.  The  insulated  and  compressed 
core  was  designed  for  an  eflfective  permeability  of  75 — more  than 
double  that  for  the  iron  dust.  Development  work  on  an  improved 
compressed  magnetic  dust  core  in  which  molybdenum  is  used,  is  now 
approaching  completion.  It  is  expected  that  the  new  material  will 
have  a  substantially  higher  permeability  than  that  of  the  80-permalloy 
dust  cores,  and  that  it  will  have  intrinsically  superior  eddy  current 
and  hysteresis  loss  characteristics.  By  virtue  of  these  properties,  it 
will  be  practicable  to  make  a  further  substantial  reduction  in  the  size 
of  loading  coils  without  sacrifice  in  service  standards.  The  decrease 
in  the  size  of  the  cores  with  improvement  in  the  core  material  is  illus- 
trated in  Fig.  11. 


Fig.  11 — Equivalent  cores  for  loading  coils.     Iron  dust  core  (left);  permalloy  dust 
core  (center);  molybdenum  permalloy  dust  core  (right). 

*  For  all  numbered  references  see  list  at  end  of  paper. 
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In  d.-c.  apparatus  where  high  permeability  and  low  coercivity  are 
of  importance,  and  where  high  resistivity  does  not  add  to  the  usefulness 
of  the  core  material,  78.5  permalloy  is  suitable.  It  is  used  in  certain 
relay  structures,  usually  of  marginal  type,  in  which  the  difference 
between  operating  and  releasing  currents  is  small. 

For  audio  transformers,  for  retardation  coils,  and  for  other  apparatus 
in  which  high  permeability  and  high  specific  resistance  must  be  com- 
bined, both  3.8-78.5  Cr-permalloy  and  3.8-80  Mo-permalloy  have 
been  used.  The  former  has  slightly  higher  resistivity,  but  the  latter 
has  higher  initial  permeability  and  is  more  ductile. 

While  the  initial  and  maximum  permeabilities  of  45-permalloy  are 
not  as  high  as  those  of  78.5-permalloy,  the  higher  flux  densities  at- 
tained by  the  former  and  its  higher  resistivity  favor  its  use  for  certain 
types  of  relays  and  transformers  where  high  flux  densities  are  required. 
It  is  used  also  in  some  instances  for  cores  of  coils  that  require  high  a.-c. 
permeability  when  d.-c.  magnetizing  forces  are  superposed. 

The  magnetic  characteristics  of  the  perminvars  make  them  espe- 
cially suitable  for  use  in  circuit  elements  in  which  distortion  and  energy 
loss  must  be  a  minimum;  but  their  relatively  high  cost,  and  the  ad- 
visability of  avoiding  high  magnetization  throughout  the  life  of  the 
apparatus,  have  prevented  their  extensive  use  in  telephone  plant. 
One  use  for  which  perminvar  is  especially  suitable  is  the  loading  of  long 
submarine  telephone  cables.  Here  a  high  resistivity  is  very  desirable, 
which  has  been  shown  to  be  obtainable  in  the  7-45-25  IVIo-perminvar. 
The  increase  in  resistivity  resulting  from  the  addition  of  molybdenum 
more  than  offsets  the  accompanying  increase  in  hysteresis  loss,  and 
results  in  a  continuous  loading  material  satisfactory  for  certain  types 
of  loaded  cables. 

Permendur  was  developed  for  use  in  apparatus  where  very  high  flux 
densities  are  desired.  For  a  moderate  magnetizing  force  flux  densities 
of  18,000  and  23,000  gausses  readily  are  obtained.  It  is  used  for 
cores  and  pole  pieces  in  loud  speakers,  certain  telephone  receivers, 
light  valves,  and  similar  apparatus. 

It  may  be  seen  from  this  survey  that  there  is  a  great  variety  of 
magnetic  materials  with  widely  different  properties  from  which  an 
engineer  may  choose  in  designing  magnetic  elements  in  which  magnetic 
flux  changes  are  essential.  Already  these  alloys  have  an  important 
place  in  telephone  plant.  However,  iron  and  silicon  steel  still  are 
used  extensively,  and  will  continue  to  hold  their  own  on  a  cost  basis  for 
some  purposes.  There  is  no  doubt,  however,  that  alloys  of  iron, 
nickel,  and  cobalt  will  continue  to  supplant  iron  and  silicon  steel  in 
many  places  where  circuits  and  apparatus  are  redesigned  to  take  full 
advantage  of  their  magnetic  properties. 
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Improvements  in  Communication  Transformers  * 

By  A.  G.  GANZ  and  A.  G.  LAIRD 

The  rapidly  advancing  art  of  electrical  communication  and  the  increas- 
ingly wide  variety  of  its  applications  have  required  marked  improvements 
in  the  transformers  used  in  communication  circuits.  These  improvements, 
achieved  partly  through  advances  in  design  and  partly  through  improve- 
ments in  the  constituent  materials,  are  discussed  in  this  paper. 

THE  rapid  development  of  the  art  of  electrical  communication  in 
the  last  decade  has  necessitated  marked  improvements  in  the 
transformers  used  in  it.  New  applications  for  these  transformers  and 
the  extension  of  old  ones  have  imposed  new  and  far  severer  perform- 
ance requirements.  The  primary  applications  of  communication 
transformers  are  in  the  telephone  plant,  in  the  various  voice  and 
carrier  transmission  circuits,  and  in  a  multitude  of  incidental  services. 
They  have  also  wide  uses  in  radio  broadcasting  transmitters  and  re- 
ceivers, in  the  amplifiers  of  sound  motion  picture  equipment,  in  the 
radio  equipment  for  aircraft,  and  in  a  variety  of  other  circuits. 

Although  communication  and  power  transformers  have  a  common 
origin,  the  communication  transformer  now  has  evolved  as  a  precision 
device  which  has  only  a  general  resemblance  to  the  usual  power  trans- 
former. Some  voice-frequency  transformers,  such  as  those  used  in 
aircraft,  weigh  but  2  or  3  ounces,  yet  transmit  speech  substantially 
undistorted.  Some  used  in  program  circuits  transmit  with  negligibly 
small  phase  or  amplitude  distortion  all  frequencies  from  20  to  16,000 
cycles  per  second.  Transformers  also  have  been  developed  for  trans- 
mitting narrow  bands  of  frequencies  and  having  associated  with  the 
normal  transformer  performance  valuable  frequency  discriminating 
properties.  A  discussion  of  improvements  in  these  narrow  band  trans- 
formers is  outside  the  scope  of  this  paper,  which  will  be  confined  to 
those  transmitting  wide-frequency  bands,  that  is,  those  for  which  the 
ratio  of  upper  to  lower  limiting  frequencies  is  at  least  10  to  1. 

The  design  of  the  modern  communication  transformer  is  based  upon 
extensions  of  the  familiar  theory  of  transformers  covered  in  numerous 
texts.  However,  this  type  of  transformer  is  a  more  complex  device, 
with  its  multiplicity  of  requirements  and  its  transmission  over  a  wide- 
frequency  range.     Its  proper  representation  accordingly  requires  a 

*  Published  in  the  December  1935  issue  of  Electrical  Engineering,  and  scheduled 
for  presentation  at  the  Winter  Convention  of  the  A.  I.E.  E.,  New  York  City,  Janu- 
ary 28-31, 1936. 
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more  elaborate  equivalent  network  than  the  customary  11  or  T  net- 
work. With  the  use  of  such  a  network,  the  performance  of  the  trans- 
former may  be  correlated  mathematically  with  its  constants  in  accord- 
ance with  network  theory. 

Improvements  in  Low-Frequency  Transmission 

The  great  improvements  in  communication  transformers,  particu- 
larly at  audio  frequencies,  are  largely  attributable  to  the  invention 
and  application  of  the  permalloys  as  magnetic  core  materials.  For 
convenience,  the  term  "permalloy"  has  been  applied  to  a  group  of 
nickel-iron  alloys  containing  between  30  and  95  per  cent  nickel  which 
have  been  developed  by  Bell  Telephone  Laboratories.^-  ^'  '  In  addi- 
tion to  other  desirable  magnetic  properties,  some  of  these  permalloys  * 
when  properly  heat  treated  yield  exceptionally  high  initial  permea- 
bilities. As  a  result  of  the  use  of  these  special  alloys,  telephone  trans- 
formers may  be  designed  to  have  less  loss  and  distortion  over  wider 
frequency  ranges  than  has  been  possible  in  transformers  designed 
without  the  benefit  of  use  of  such  materials. 

Figure  1  illustrates  the  excellence  of  performance  resulting  from  the 
use  of  a  special  permalloy  consisting  of  approximately  4  per  cent 
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Fig.  1 — Transmission-frequency  characteristic  of  a  transformer  utilizing  a  perm- 
alloy core  and  designed  to  connect  a  telephone  transmission  line  to  a  program  re- 
peater. Transmission  loss  shown  is  the  loss  relative  to  an  ideal  transformer  of  the 
same  ratio. 


chromium,  78  per  cent  nickel,  and  the  remainder  iron,  in  a  transformer 
designed  to  connect  a  telephone  transmission  line  to  a  program  re- 
peater. Figure  2  shows  the  voltage  amplification  characteristic  of  an 
interstage  transformer  for  a  high  quality  amplifier.  As  is  well  known, ^ 
superimposed  direct  currents  generally  decrease  the  elTective  a.-c.  per- 
meability of  ferromagnetic  materials.  Therefore,  to  retain  the  full 
benefit  of  the  permalloy  core,  an  auxiliary  circuit  was  used  with  this 
transformer  for  supplying  the  plate  current  to  the  preceding  tube. 
Another  illustration  is  a  transformer  designed  for  use  as  an  input 
transformer  (that  is,  one  designed  to  operate  into  the  grid  circuit  of  a 
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Fig.  2 — Voltage  amplification-frequency  characteristic  of  an  interstage  transformer 
for  a  high  quality  program  amplifier. 

vacuum  tube)  for  portable  recording  equipment  where  light  weight  is 
an  important  consideration.  The  voltage  amplification-frequency 
characteristic  of  this  transformer  is  shown  in  Fig.  3.  There  is  shown 
also  in  this  figure,  for  purposes  of  comparison,  the  very  much  poorer 
characteristic  realized  when  an  alloy  of  about  50  per  cent  nickel  as 
commonly  used  is  substituted  for  the  special  permalloy.     In  addition, 
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Fig.  3 — Curves  showing  the  relative  effect  of  different  core  materials  on  the  volt- 
age amplification-frequency  characteristic  of  a  small  transformer  designed  for  port- 
able recording  apparatus.  The  composition  of  the  special  permalloy  is  approximately 
4  per  cent  chromium,  78  per  cent  nickel,  and  the  remainder  iron. 
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there  is  shown  the  effect  of  using  silicon  steel  as  core  material,  which 
was  the  practice  in  older  transformers. 

An  important  limitation  of  high  permeability  alloys  is  their  sensi- 
tivity to  mechanical  strain  which  may  seriously  impair  their  magnetic 
characteristics.  Considerable  care  must  be  exercised  to  avoid  strain 
during  assembly  operations  after  laminations  are  annealed.  Tele- 
phone transformers  are  designed  specially  to  provide  a  firm  assembly 
without  mechanical  strain,  thereby  retaining  the  high  permeabilities 
available. 

Increase  in  Voltage  Amplification 
As  may  be  seen  from  the  foregoing  curves,  the  voltage  amplification 
of  input  transformers  at  the  low  end  of  the  frequency  band  is  directly 
dependent  on  the  permeability  of  the  magnetic  core  material.  At  the 
highest  frequencies  the  voltage  amplification  of  the  above  input  trans- 
formers is  controlled  by  leakage  and  capacitances,  the  latter  including 
grid  circuit  capacitances  as  well  as  the  transformer  distributed  capaci- 
tances. Over  a  wide  range  in  the  central  part  of  the  frequency  band 
these  effects  are  negligible  and  the  transformer  performs  much  as  an 
ideal  transformer  of  the  same  ratio.  By  proper  proportioning  of  the 
leakage  and  capacitance  effects,  the  shape  of  the  characteristic  may 
be  controlled  to  a  certain  measure  at  will.  For  example,  a  rising 
voltage  amplification-frequency  characteristic  can  be  obtained  if  de- 
sired to  correct  for  a  falling  characteristic  of  other  parts  of  the  amplifier. 
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Fig.  4 — Voltage  amplification-frequency  characteristic  of  an  input  transformer  having 
an  impedance  ratio  of  10,000  to  1. 


In  certain  types  of  circuits  the  voltage  amplification  of  input  trans- 
formers is  at  a  high  premium,  such  as  in  the  amplification  of  low-energy 
signals  when  a.-c.  power  is  used  for  the  tubes.  Under  these  conditions 
the  tubes  tend  to  introduce  appreciable  noise.  A  high-voltage  ampli- 
fication in  the  input  transformer  serves  to  raise  the  signal  voltage  at 
the  grid  terminals  so  as  to  override  the  tube  noises.     Figure  4  shows 
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that  a  high  ampHfication,  in  this  instance  10,000  to  1  in  impedance 
level  from  a  30-ohm  source,  may  be  realized  without  undue  restriction 
in  either  the  low-  or  the  high-frequency  transmission. 

Since  transformers  of  this  type  are  located  at  points  of  very  low 
energy  levels,  special  pains  must  be  taken  to  avoid  interference  from 
stray  magnetic  and  electrostatic  fields.  To  prevent  hum  from  nearby 
power  apparatus,  transformers  are  enclosed  in  cases  or  shields  of  high 
permeability  material.  The  interference  voltages  induced  in  these 
transformers  are  some  30  or  40  decibels  less  than  in  older  unshielded 
types  of  transformers.  For  higher  frequency  interference,  effective 
shielding  is  obtained  by  cases  made  of  high-conductivity  material  such 
as  copper  or  aluminum. 

Reduction  in  Size  and  Weight 

The  demand  for  lightweight  equipment  for  aircraft  communication 
and  for  portable  apparatus  for  testing  and  recording  has  resulted  in 
the  development  of  communication  transformers  of  unusually  small 
size  and  weight.  The  smaller  sizes  weigh  only  3|  ounces  and  occupy 
a  space  of  but  3  cubic  inches.  One  of  these  used  in  aircraft  receiving 
sets  is  illustrated  in  Fig.  5  contrasted  with  an  earlier  transformer  also 
for  lightweight  service.  The  transmission  loss-frequency  character- 
istics are  shown  in  Fig.  6.  The  corresponding  characteristic  of  an 
input  transformer  for  similar  service  is  shown  in  Fig.  7. 


Fig.  5 — Output  transformer  A  (right)  utilizing  a  permalloy  core  transmits  fre- 
quencies from  40  to  3,000  cycles  with  greater  over-all  efficiency  than  the  larger  output 
transformer  B  (left)  utilizing  a  core  of  silicon  steel  (see  Fig.  6). 
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Fig.  6 — Curves  showing  the  transmission  loss-frequency  characteristics  of  (^4)  the 
small  output  transformer  and  (5)  the  larger  output  transformer  shown  in  Fig.  5. 
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Fig.    7 — Voltage   amplification-frequency   characteristic   of   an    input    transformer 
similar  in  size  to  the  smaller  output  transformer  shown  in  Fig.  5. 


Extension  of  Range  to  Higher  Frequencies. 

The  effective  permeabilities  of  alloys  of  high  initial  permeabilities 
drop  rather  rapidly  with  frequency,  a  property  which  lessens  the  value 
of  such  alloys  in  transformers  for  carrier  and  higher  frequencies.  This 
effect,  which  is  attributable  primarily  to  eddy  currents,  can  be  greatly 
decreased,  of  course,  by  the  use  of  thinner  laminations.  The  use  of 
these  alloys,  however,  is  limited  by  the  rapidly  increasing  cost  of 
reducing  the  lamination  thickness  and  the  less  efficient  use  of  the 
volume  available  for  the  core.  This  dropping  off^  of  effective  permea- 
bility with   frequency  is  not  so  important  in  audio-frequency  trans- 
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formers,  since  there  the  core  characteristics  limit  the  transmission 
only  at  low  frequencies  where  the  effective  permeability  is  high. 

At  higher  frequencies  the  voltage  amplification  is  severely  limited 
also  by  the  grid  circuit  and  transformer  capacitances.  It  has  been 
found  advantageous  to  add  correcting  elements,  such  as  inductances 
and  capacitances,  to  increase  the  gain  ordinarily  available.  These 
added  elements  and  the  equivalent  elements  in  the  transformer  are 
designed  together  as  configurations  similar  to  low-pass  filter  sections 
terminated  midshunt  in  the  grid  circuit  capacitance.     Figure  8  illus- 
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Fig.   8 — Transmission   loss-frequency  characteristic  of  a   transformer  designed   to 
transmit  high  frequencies  in  addition  to  audio  frequencies. 

trates  the  performance  of  a  transformer  designed  for  certain  high  fre- 
quency transmission  experiments.  The  performance  of  this  trans- 
former in  the  frequency  range  of  30-500,000  cycles  per  second  is  similar 
to  that  of  earlier  types  in  the  range  of  30-60,000  cycles  per  second. 

In  most  telephone  applications  the  design  of  input  transformers  is 
complicated  greatly  by  circuit  functional  requirements  in  addition  to 
those  of  direct  transmission.  For  example,  as  discussed  in  a  succeed- 
ing section  of  this  paper,  phase  distortion  requirements  demand  self- 
impedances  far  higher  than  those  required  by  transmission  loss  con- 
siderations, thermal  ^  noise  requirements  demand  lower  dissipations, 
and  impedance  requirements  limit  the  voltage  amplification  obtain- 
able. For  feed-back  type  amplifiers  ^  the  input  transformers  in  addi- 
tion to  the  forward  amplification  must  meet  transmission  and  phase 
requirements  in  the  regenerative  path.  These  special  requirements 
apply  not  only  for  the  transmitted  frequency  band  but  also  at  fre- 
quencies remote  from  this  band  in  order  to  insure  stability  of  the 
amplifier. 

Reduction  in  Phase  Distortion 

Since  transformers  are  reactive  devices,  they  introduce  phase  shift 
in  the  circuits  in  which  they  are  used.  If  the  phase  shift  introduced 
be  a  linear  function  of  the  frequency  it  will  not  produce  any  distortion 
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in  the  shape  of  the  transmitted  wave.  However,  departures  from 
Hnearity  change  the  wave  shape,  and  this  form  of  distortion  is  referred 
to  as  phase  or  delay  distortion.  The  delay  at  any  frequency  is  a 
measure  of  this  departure  from  Hnearity,  and  is  dependent  upon  the 
frequency  derivative  of  the  phase  shift  at  that  frequency.  Differences 
in  delay  of  the  various  frequency  components  of  the  signal  wave  which 
transformers  tend  to  produce  result  in  distortion  that  may  be  especially 
serious  in  circuits  intended  for  program  transmission. 

For  wide-band  transformers  the  delay  caused  by  the  shunting  effect 
of  the  mutual  impedance  usually  predominates.  In  fact  for  audio 
transformers  the  delay  at  higher  frequencies  is  relatively  so  small  that 
the  delay  distortion  is  practically  equal  to  the  mutual  impedance  delay 
at  the  lowest  transmitted  frequency.  Delay  distortion  is  also  of  im- 
portance in  transformers  to  be  used  in  television  and  telephotography. 
In  these  circuits  phase  distortion  causes  a  space  shift  in  the  image  of 
certain  frequency  components  with  respect  to  others  with  consequent 
blurring  of  the  image. 

The  delay  characteristic  of  a  transformer  used  in  program  circuits 
to  connect  a  telephone  transmission  line  to  the  grid  circuit  of  a  re- 
peater amplifier  is  shown  in  Fig.  9.  This  characteristic  is  compared 
in  the  same  illustration  with  the  delay  characteristic  of  a  repeater 
transformer  developed  some  years  ago  for  use  in  what  then  was  re- 
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Fig.  9 — Phase  delay-frequency  characteristic  of  an  input  transformer  used  in 
recent  program  repeaters,  compared  with  that  of  an  input  transformer  used  in  an 
older  repeater. 
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garded  as  a  high  quality  circuit.     The  delay  characteristic  of  a  high 
frequency  transformer  is  shown  in  Fig.  10. 
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Fig.  lO^Phase  delay-frequency  characteristic  of  an  input  transformer  designed  to 
transmit  radio  frequencies. 


Reduction  in  Audio  Frequency  Modulation 

The  present  exacting  requirements  for  transformer  performance 
have  made  it  necessary  to  lessen  greatly  certain  second-order  distor- 
tion effects  inherent  in  transformers  having  magnetic  cores.  Nearly 
all  core  materials  tend  to  generate  extraneous  frequencies  because  of 
magnetic  non-linearity — a  property  referred  to  as  magnetic  modula- 
tion. In  audio-frequency  circuits  intended  for  high  quality  service, 
magnetic  modulation  may  cause  serious  distortion  in  that  harmonics 
of  the  lower  frequencies  appear  higher  in  the  audible  range.  The 
energy  present  at  the  lower  frequencies  is  usually  so  much  greater  than 
that  over  the  rest  of  the  band  that  the  modulation  products  may 
approach  the  order  of  magnitude  of  the  signal  components  at  higher 
frequencies. 

This  form  of  distortion  in  no  way  is  revealed  by  the  ordinary  trans- 
mission loss  characteristic;  in  fact,  a  transformer  having  a  very  flat 
loss  characteristic  over  a  wide-frequency  range  may  nevertheless  be 
definitely  objectionable  from  a  modulation  standpoint.  In  present 
audio-frequency  transformers,  the  total  modulation  products  are  some 
40  to  80  decibels  down  from  the  energy  of  frequencies  around  35  cycles 
per  second  producing  them.  This  represents  an  improvement  of  about 
30  decibels  over  older  types. 

Another  second-order  effect  resembling  modulation  is  microphonic 
noise  caused  by  magnetostriction  phenomena,  that  is,  changes  in  mag- 
netization accompanying  the  physical  deformation  of  the  magnetic 
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material.  For  instance,  slii^ht  jarring  of  input  transformers  used  in 
very  high-gain  ampHfiers  (100  decibels  or  more)  may  induce  in  this 
manner  disturbing  noise  voltages.  Freedom  from  magnetostriction  is 
a  unique  characteristic  of  permalloys  containing  approximately  80 
per  cent  nickel,  and  their  use  accounts  for  the  superiority  of  telephone 
transformers  from  this  standpoint. 

Reduction  in  Carrier  Frequency  Modulation 
Magnetic  modulation  is  even  more  serious  at  carrier  frequencies 
where  a  transformer  may  transmit  many  channels,  frequently  at  widely 
different  levels.  The  modulation  from  the  higher  level  channels  may 
produce  very  objectionable  interference  in  other  channels.  Carrier 
transformers  now  have  been  improved  to  such  an  extent  that  highly 
sensitive  testing  circuits  are  required  to  detect  and  measure  the  modu- 
lation products  contributed  by  them.  Representative  values  of  these 
modulation  products  expressed  as  current  ratios  to  the  fundamentals 
are  of  the  order  of  one-millionth  of  the  fundamental  frequencies,  com- 
pared to  one-thousandth  in  older  types. 

It  is  of  interest  to  point  out  that  in  such  transformers  the  presence 
of  magnetic  material,  other  than  the  special  permalloys,  in  the  vicinity 
of  the  transformer  must  be  avoided  with  great  care.  For  example, 
a  small  steel  screw  near  the  field  of  the  transformer  will  seriously 
impair  its  performance  from  a  modulation  standpoint.  Common  prac- 
tice is  to  use  brass  parts  for  the  assembly  and  to  confine  the  field  of 
the  transformer  by  completely  enclosing  it  in  a  copper  or  aluminum 
case.  The  transformer  then  may  be  mounted  by  any  convenient 
means  without  affecting  its  performance. 

Improvements  in  Shielding  and  Balance 

In  the  very  nature  of  the  service  that  it  renders,  the  telephone  plant 

involves  many  independent  communication   circuits  in   fairly   close 

proximity.     The  minimizing  of  interference  between  these  independent 

communication  circuits  has  constituted  a  major  problem  in  telephone 

engineering.     Where  such  interference  occurs  between  like  circuits, 

that  is,  between  two  voice  circuits  or  between  two  carrier  circuits  of 

overlapping  frequency  bands,  the  interference  commonly  is  referred  to 

as  crosstalk,  as  distinguished  from  the  interference  from  other  types 

of  circuits  such  as  power  and  telegraph  circuits. 

In  order  to  avoid  crosstalk  and  other  interference,  balanced  *  cir- 

*  The  new  coaxial  cable  circuits  under  development  are  an  interesting  exception. 
In  this  tj'pe  of  cable  a  grounded  outer  conductor  completely  encloses  the  central 
conductor,  and  shielding  rather  than  balance  is  relied  upon  to  protect  the  circuit 
from  interference.  The  shielding  depends  upon  the  size,  thickness,  permeability, 
and  conductivity  of  the  outer  conductor  and  the  frequency  of  the  disturbance.  If 
the  frequency  band  used  in  the  transmission  over  coaxial  circuits  is  chosen  properly, 
the  circuit  may  be  made  substantially  immune  to  effects  from  outside  fields. 
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cuits  are  used  almost  exclusively  in  the  telephone  plant.  For  sim- 
plicity, some  of  the  terminal  apparatus  connected  with  these  circuits 
is  constructed  unbalanced,  so  that  it  is  necessary  to  interpose  trans- 
formers between  the  lines  and  the  office  equipment,  these  transformers 
providing  a  barrier  to  the  propagation  of  the  relatively  large  longi- 
tudinal currents  from  the  line  circuits.  (Longitudinal  currents,  in 
contrast  with  the  usual  circulating  currents,  are  currents  that  flow 
equally  and  in  the  same  direction  in  both  sides  of  the  line.)  In  order 
to  insure  that  the  voltage  impressed  on  the  office  equipment  is  attrib- 
utable to  the  voltage  between  the  wires  of  the  line  circuit  and  not  to 
that  between  the  wires  and  ground,  it  is  necessary  that  the  transformers 
be  balanced  very  carefully;  and  for  certain  types  of  circuits,  shields 
must  be  interposed  so  that  the  direct  capacitance  between  the  line 
Avinding  and  office  winding  is  reduced  to  a  very  small  value. 

With  a  greater  emphasis  on  carrier  frequency  transmission,  a  higher 
degree  of  balance  is  required  between  certain  transformer  windings, 
and  highly  effective  shielding  is  frequently  necessary.  It  is  necessary 
also  that  the  line  windings  be  balanced  very  closely  with  respect  to 
capacitances  to  the  shield  and  case.  The  unbalance  effects  in  carrier 
transformers  now  have  been  reduced  to  values  in  the  order  of  1  or  2 
microamperes  in  circulating  current  per  volt  between  the  line  windings 
and  ground  at  30,000  cycles  per  second,  which  compares  with  values 
of  50  microamperes  or  more  for  older  transformers.  At  the  same  time 
the  electrostatic  shielding  between  the  windings  has  been  improved  to 
such  an  extent  that  the  direct  capacitance  between  windings  has  been 
reduced  to  1  or  2  micromicrofarads  instead  of  30  or  40  as  before.  The 
shields  are  arranged  to  intercept  the  dielectric  flux  lines  tending  to  con- 
nect the  primary  and  secondary  windings,  so  that  the  direct  capacitance 
between  the  two  windings  is  attributable  only  to  stray  flux  which  by- 
passes the  shield.  One  of  the  windings  usually  is  enclosed  completely 
in  lead  or  copper  foil  with  overlapping  edges  insulated  to  prevent  a 
short-circuited  turn.  Still  further  improvements  are  obtained  by  cov- 
ering the  leads  with  grounded  metal  braiding,  and  in  special  cases  by 
enclosing  the  terminals  of  the  shielded  winding  in  a  separate  shielded 
compartment.  In  certain  transformers  designed  for  high  precision 
testing  equipment,  the  direct  capacitance  between  windings  has  been 
reduced  to  values  less  than  0.001  micromicrofarad. 

In  connection  with  phantom  circuits,  severer  crosstalk  requirements 
have  necessitated  more  precise  balances  in  the  associated  voice  fre- 
quency transformers.  In  these  transformers  the  turns  are  so  arranged 
that  the  various  distributed  capacitances,  flux  linkages,  and  d.-c. 
resistances  are  disposed  symmetrically  with  respect  to  ground.     It  has 
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been  found  in  practice  that  this  symmetry  is  realized  most  readily  by 
close  coupling  between  the  various  parts  of  the  windings.  By  im- 
provements in  design,  the  crosstalk  between  phantom  and  side  circuits 
has  been  reduced  to  values  in  the  order  of  20  milHonths  in  current  ratio, 
compared  to  values  5  times  as  large,  formerly  tolerated. 

Reduction  in  Impedance  Distortion 

As  a  further  consequence  of  the  extension  of  carrier  systems,  it  has 
become  necessary  to  match  the  impedance  presented  by  transformers, 
when  terminated  in  the  succeeding  circuits,  to  particular  values  over 
the  frequency  range.  For  example,  the  transposition  schemes  used  on 
open  wire  lines  are  such  as  to  minimize  crosstalk  primarily  for  carrier 
signals  propagated  in  one  direction  in  any  line.  If  the  transformer 
terminating  such  a  line  does  not  present  an  impedance  under  load 
equal  to  the  characteristic  impedance  of  the  line,  a  portion  of  the  wave 
is  propagated  in  the  reverse  direction,  that  is  reflected,  causing  cross- 
talk into  adjacent  circuits.  This  reflection  efifect  increases  with  the 
vector  difiference  in  the  impedances  of  the  transformer  and  the  line, 
the  latter  impedance  approaching  a  pure  resistance  as  the  frequency 
increases. 

The  impedance  of  transformers  has  become  increasingly  important 
where  such  transformers  terminate  filters  that  require  a  nearly  con- 
stant resistance  termination  to  maintain  proper  attenuation  charac- 
teristics. Another  example  is  in  transformers  terminating  screen  grid 
tubes  where  the  plate  impedances  are  relatively  very  high.  Here  the 
energy  abstracted  from  the  plate  circuit  and  transmitted  by  the  trans- 
former is  directly  dependent  upon  the  resistance  component  of  the 
impedance  of  the  transformer  when  terminated  in  its  load. 

Better  impedance  characteristics  of  transformers  for  these  various 
applications  have  been  obtained  by  increasing  the  mutual  impedance 
and  decreasing  the  leakage  and  capacitance  efTects.  This  procedure 
is  made  difficult  by  the  necessity  for  meeting  at  the  same  time  other 
and  newer  requirements,  as,  for  example,  modulation  limits.  Correct- 
ing elements  consisting  of  capacitances  and  inductances  usually  are 
added  and  are  proportioned  with  the  transformer  elements  in  accord- 
ance with  network  theory.  Typical  impedance  characteristics  of  such 
transformers  are  shown  in  Figs.  11  and  12. 

Input  transformers  operating  into  the  grid  circuits  of  vacuum  tubes 
inherently  have  impedances  that  depart  widely  from  the  nearly  pure 
resistances  usually  desired,  because  of  the  reactive  termination  pro- 
vided by  the  grid  circuit.  This  makes  it  necessary  to  add  resistances 
to  serve  in  place  of  the  usual  load  resistance.     The  required  dissipation 
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Fig.  11 — Impedance-frequency  characteristic  of  a  transformer  designed  to  operate 
between  600-ohm  terminations  and  to  transmit  high  frequencies  in  addition  to  audio 
frequencies. 
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J.  12 — Impedance-frequency  characteristic  of  a  transformer  designed   to  operate 
between  resistance  terminations  of  70  ohms  and  144  ohms. 


may  be  provided  in  many  ways  in  the  input  transformer,  which  con- 
sideration allows  much  wider  latitude  in  the  design  than  in  the  ordinary 
transformer;  there  the  major  part  of  the  dissipation  for  low  trans- 
mission loss  necessarily  must  occur  in  the  load.  A  typical  impedance 
characteristic  of  such  an  input  transformer  is  shown  in  Fig.  13. 

Testing  Precautions 

As  a  necessary  concomitant  to  improvements  in  transformers,  more 
precise  testing  circuits  have  been  developed  for  accurately  determining 
transformer  performance.  In  estimating  the  performance  of  the  trans- 
former from  its  characteristic,  care  must  be  taken  to  make  sure  that 
the  service  conditions  were  reproduced  carefully  in  the  measuring 
circuit.     In  particular,  certain  precautions  must  be  observed  in  the 


IMPROVEMENTS  IN  COMMUNICATION   TRANSFORMERS       149 

measurement  in  order  to  avoid  obtaining  a  misleading  characteristic. 
For  example,  the  permeability  of  magnetic  core  materials  tends  to  rise 
rapidly  from  its  initial  value  with  increasing  voltages.  If  in  the  meas- 
urement, the  low-frequency  voltages  used  are  materially  higher  than 
they  are  under  service  conditions,  the  low-frequency  response  will 
appear  to  be  much  better  than  the  true  response. 

As  another  example,  the  transmission  of  input  transformers  at  the 
high-frequency  end  may  be  critical  with  the  termination  of  the  high- 
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Fig.  13 — Impedance-frequency  characteristic  of  an  input  transformer  used  to 
operate  from  a  telephone  transmission  line  into  a  high  quality  program  repeater. 
Impedance  ratio  is  600  to  15,000  ohms. 

voltage  winding.  If  the  grid  capacitance  and  conductance  conditions 
are  not  reproduced  faithfully  in  the  measuring  circuit,  the  high- 
frequency  voltage  amplification  may  appear  to  be  much  better  than 
the  true  value. 

In  addition  to  more  precise  transmission  measuring  circuits,  various 
other  special  circuits  have  been  developed  for  measuring  transformers, 
such  as  modulation,  impedance,  and  crosstalk  measuring  circuits. 
The  design  of  these  circuits  is  of  necessity  a  specialized  art. 

In  the  foregoing,  various  types  of  improvements  in  communication 
transformers  have  been  discussed.  Wherever  applicable,  several  such 
improvements  have  been  incorporated  in  an  individual  design.  The 
improved  performance  of  transformers  as  described  has  been  an  essen- 
tial step  in  the  development  of  the  communication  art. 
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Measurement  of  Telephone  Noise  and  Power 
Wave  Shape  * 

By  J.  M.  BARSTOW,  P.  W.  BLYE  and  H.  E.  KENT 

IN  Studies  of  the  inductive  coordination  of  power  and  telephone 
systems  from  the  noise  standpoint,  a  knowledge  of  the  magnitudes 
of  the  harmonic  currents  and  voltages  on  the  power  circuits  and  of  the 
harmonic  components  of  the  telephone  circuit  noise  is  necessary.  It 
is  also  necessary  that  there  be  available  a  means  of  rating  and  summing 
up  these  individual  components  to  give  an  overall  indication  of  their 
effects  on  a  person  using  a  telephone  connected  to  one  of  the  exposed 
circuits.  This  paper  discusses  methods  which  have  been  developed 
for  making  such  overall  measurements. 

The  effect  on  a  listener  of  a  given  amount  of  noise  on  a  telephone 
circuit  is  a  complex  one,  and  it  is  not  practicable  in  the  day-by-day 
maintenance  of  telephone  circuits  to  measure  separately  all  the  factors 
involved.  Rather,  it  is  necessary  to  make  some  overall  measurement  of 
the  circuit  noise  which  may  be  related  to  its  effect  on  telephone  trans- 
mission. It  is,  of  course,  desirable  that  the  measuring  devices  used 
should  measure  different  circuit  noises  as  equal  when  they  produce 
equal  interfering  effects  on  telephone  transmission. 

Two  methods  of  measuring  telephone  circuit  noise  are  at  present 
in  use  in  the  Bell  System.  One  of  these  methods  is  subjective,  that  is, 
uses  the  human  hearing  mechanism  as  a  part  of  the  measuring  ap- 
paratus. This  method  consists  of  comparing,  in  a  telephone  receiver, 
the  noise  to  be  measured  with  a  noise  generated  by  means  of  a  standard 
buzzer.  The  observer  adjusts  the  magnitude  of  the  buzzer  noise  by 
means  of  a  calibrated  potentiometer  until,  in  his  judgment,  it  is  as 
disturbing  as  the  noise  to  be  measured. 

The  objective  method  of  noise  measurement  which  has  been  made 
available  within  the  last  few  years  employs  an  electrical  network  for 
weighting  the  various  single  frequency  components  of  a  noise  as  closely 
as  practicable  in  accordance  with  their  interfering  effects  on  telephone 
transmission,  and  a  calibrated  amplifier  to  raise  the  energy  level  of  the 
weighted  components  sufficiently  to  operate  an  electric  meter.  The 
chief  operating  advantages  of  the  objective  method  are  the  repro- 

*  Digest  of  a  paper  published  in  the  December  1935  issue  of  Electrical  Engineering 
and  scheduled  for  presentation  at  the  A.I.E.E.  Winter  Convention,  New  York,  N.  Y., 
January  28-31,  1936. 
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ducibility  of  the  results  and  the  ease  and  speed  of  making  measure- 
ments. Its  disadvantage  lies  in  the  difficulty  in  determining  the 
complex  nature  of  the  human  hearing  mechanism  and  simulating  its 
characteristics  sufficiently  well  in  objective  apparatus. 

One  of  the  important  steps  In  the  development  of  the  objective  noise 
meters  has  been  the  determination  of  the  relative  interfering  efifects 
of  different  single  frequency  tones.  Two  types  of  tests  have  been  used 
for  this  purpose,  (a)  judgment  tests  and  {h)  articulation  tests. 

Judgment  tests  usually  are  set  up  so  that  the  observer  may  compare 
directly  two  noises  in  the  presence  of  speech  heard  over  a  representative 
telephone  circuit.  The  magnitude  of  one  of  the  noises  is  adjusted  until 
it  is  judged  to  be  as  disturbing  as  the  second  noise.  The  magnitudes 
which  the  observer  judges  to  be  equally  disturbing  can  be  measured 
and  in  the  case  of  single  frequency  tones,  the  relative  weighting  which 
should  be  applied  to  the  two  frequencies  may  thus  be  determined. 

An  articulation  test  consists  essentially  in  calling  a  number  of 
meaningless  monosyllables  over  a  circuit  to  a  group  of  observers,  each 
of  whom  records  the  sounds  that  he  hears.  The  percentage  of  sounds 
correctly  received  is  termed  the  "per  cent  articulation"  for  the 
particular  condition  tested.  On  a  given  circuit,  two  different  noises 
which  produce  the  same  loss  in  articulation  would  usually  be  con- 
sidered as  equally  interfering.  As  before,  in  the  case  of  two  different 
single  frequency  noises,  measurements  may  be  used  to  determine  the 
relative  weightings  to  be  applied  to  the  two  frequencies. 

In  1919,  the  results  of  judgment  and  articulation  tests  on  the 
relative  interfering  effects  of  different  single  frequency  tones  were 
published  in  a  paper  by  H.  S.  Osborne.^  Since  that  time,  several 
other  sets  of  tests  of  this  character  have  been  made  in  order  to  check 
the  values  previously  obtained  and  to  extend  the  frequency  range 
covered.  From  the  results  of  all  these  tests  ^  and  a  recognition  of  the 
trend  toward  more  uniform  frequency  response  in  telephone  message 
channels,  a  single  curve  of  relative  interfering  effects  of  different  single- 
frequency  tones  in  a  telephone  receiver  has  been  derived.  This  is 
shown  in  Fig.  1,  the  curve  being  labeled  "  receiver  currents."  By 
combining  with  this  curve  the  frequency  characteristic  of  a  repre- 
sentative transmission  path  between  the  toll  circuit  terminals  and  the 

^  "Review  of  Work  of  the  Subcommittee  on  Wave  Shape  Standard  of  the  Stand- 
ards Committee,"  H.  S.  Osborne,  A.  I.  E.  E.  Transactions,  Vol.  38,  Part  1,  1919. 

^  The  articulation  and  judgment  tests  mentioned  here  also  contributed  largely 
to  the  selection,  by  the  C.  C.  I.  F.  (international  advisory  committee  on  telephony), 
of  a  curve  of  relative  interfering  effects  of  single-frequency  tones  expressed  in  terms 
of  voltage  across  the  receiver,  which  it  has  recommended  as  a  basis  for  noise  measure- 
ment on  international  circuits.  The  weighting  given  in  curve  A  of  Fig.  1,  when 
expressed  in  similar  terms  is  in  conformity  with  the  weighting  recommended  by  the 
C.  C.  I.  F. 
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telephone  subscriber's  receiver,  a  second  curve  indicating  the  relative 
interfering  effects  of  different  single-frequency  currents  in  the  telephone 
line  has  been  derived.  This  is  also  shown  in  Fig.  1.  These  two  curves 
have  been  incorporated  in  the  indicating  noise  meters  for  use  in  measur- 
ing noise  in  the  subscriber's  receiver  and  noise  at  the  terminals  of  a  toll 
circuit,  respectively. 
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Fig.  1 — Relative  interfering  effects  of  telephone  circuit  noise  currents. 


A  second  important  factor  considered  was  the  manner  in  which 
various  single-frequency  noises  combine  in  the  human  ear.  The  rule 
of  combination  adopted  was  that  by  which  each  single  frequency 
contributed  to  the  total  meter  reading  in  proportion  to  its  weighted 
power.  (This  is  the  equivalent  of  the  familiar  root-sum-square  rule 
for  summing  up  currents  or  voltages,) 
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In  addition  to  the  requirements  for  weighting  and  rule  of  combina- 
tion, it  was  thought  desirable  to  employ  an  indicating  instrument  in 
which  the  change  of  reading  was  about  as  rapid  as  the  change  in 
appreciation  of  loudness  in  human  hearing.  From  published  results 
and  confirming  tests  it  was  determined  that  on  the  average,  the 
indicating  instrument  should  reach  a  full  deflection  for  sounds  lasting 
.2  second  or  longer. 

Under  these  general  specifications,  several  models  of  circuit  noise 
meters  were  built  and  two  series  of  tests  were  made  to  determine  their 
adequacy  for  measuring  circuit  noise.  These  tests  were  made  under 
the  auspices  of  the  Joint  Subcommittee  on  Development  and  Research 
of  the  Edison  Electric  Institute  and  the  Bell  System.  The  first  was  a 
rather  extensive  series  of  articulation  tests  on  open-wire  toll  circuit 
noise.  Since  none  of  the  toll  circuit  noises  tested  contained  compo- 
nents of  importance  above  2,000  cycles,  a  series  of  judgment  tests  was 
carried  out  on  representative  noise  of  the  type  arising  by  induction  in 
telephone  circuits  exposed  to  a-c.  lines  supplying  rectifiers  and  on  vari- 
ous high-frequency  noises  derived  therefrom. 

The  articulation  tests  showed  that  when  toll  circuit  noises  of  various 
types  produced  equal  losses  in  articulation  under  the  given  set  of 
telephone  conditions,  they  were  measured  as  substantially  equal  by 
both  the  objective  and  subjective  methods  of  measuring.  The  ob- 
jective method  gave  a  slightly  better  correlation  than  did  the  subjective 
method  even  though  the  average  of  18  individual  observers  was  used 
in  the  latter.  While  the  correlations  were  not  as  close  with  the  high- 
frequency  noises  as  in  the  case  of  the  more  common  types  of  toll 
circuit  noise,  on  the  average  the  noise  meter  rated  the  rectifier  noises 
at  least  as  well  as  did  the  ear  balance  method,  the  latter  using  10 
observers. 

A  device  called  the  "Telephone  Interference  Factor  Meter"  for 
measuring  or  rating  the  wave  shape  of  power  system  currents  and 
voltages  in  terms  of  their  influence  on  exposed  telephone  circuits  was 
described  in  the  Osborne  paper  of  1919,  referred  to  above.  With  this 
instrument,  an  indication  was  obtained  of  the  total  harmonic  content 
of  a  given  voltage  wave,  the  individual  components  present  being 
weighted  approximately  in  proportion  to  their  relative  interfering 
efi"ects. 

The  data  obtained  from  the  more  recent  studies  of  relative  inter- 
fering eff"ects  described  above  have  made  possible  a  revision  of  the 
method  of  measuring  T.I.F.,  in  which  the  basic  principle  has  been 
retained  but  in  which  the  frequency  weighting  characteristic  has  been 
revised  somewhat  and  its  range  extended  to  about  5,000  cycles.     In 
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connection  with  this  revision,  the  name  has  been  changed  to  "Tele- 
phone Influence  Factor." 

The  Telephone  Influence  Factor  (T.I.F.)  of  a  voltage  or  current 
wave  is  the  ratio  of  the  square  root  of  the  sum  of  the  squares  of  the 
weighted  effective  values  of  all  the  sine  wave  components  (including, 
in  alternating  current  waves,  both  fundamental  and  harmonics)  to 
the  effective  value  of  the  wave.  The  weightings  decided  upon  to  be 
applied  to  the  individual  components  are  as  shown  in  Fig.  2. 


TIF    OF  VARIOUS  SINGLE    FREQUENCIES 
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Fig.  2 — Frequency  weighting  characteristic  for  TIF  measurements. 

In  deriving  the  revised  frequency  weighting  characteristic,  the 
following  factors  representing  distortion  occurring  in  the  various 
media  intervening  between  the  power  circuit  current  or  voltage  and 
the  telephone  subscriber's  ear  were  considered. 

1.  Relative  interfering  effects  of  single-frequency  components  in  the 

receiver  of  a  subscriber's  telephone  set. 

2.  Distortion  occurring  between  the  terminals  of  the  circuit  in  which 

the  noise  is  induced  and  the  subscriber's  receiver. 

3.  Variation  in  coupling  between  power  and  telephone  circuits  with 

frequency. 

4.  Variation  of  effects  of  telephone  circuit  unbalances  with  frequency. 

Data  on  Items  1  and  2  above  were  combined  to  derive  the  line 
weighting  characteristic  of  the  telephone  circuit  noise  meters  indicated 
by  the  "line  currents"  curve  of  Fig.  1.  It  was,  therefore,  possible  to 
use  this  curve  directly  to  represent  the  combination  of  these  two 
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factors.  A  factor  directly  proportional  to  frequency  was  adopted  to 
represent  inductive  coupling  between  power  and  telephone  circuits 
(Item  3),  the  work  of  the  Joint  Subcommittee  on  Development  and  Re- 
search having  indicated  that,  in  general,  coupling  may  be  so  repre- 
sented. After  studying  data  available  on  Item  4,  it  was  concluded  that 
no  type  of  frequency  weighting  could  be  adopted  which  would  satis- 
factorily represent  all  types  of  telephone  circuit  unbalances.  Thus 
T.I.F.  as  measured  by  the  method  described  here  is  a  correct  index  to 
the  influence  of  a  power  circuit  voltage  or  current  only  for  those  cases 
where  unbalances  are  independent  of  frequency.  This  is  usually  the 
case  on  open-wire  toll  circuits  and  open-wire  exchange  circuits  em- 
ploying bridged  ringers.  In  other  cases  some  empirical  modification 
may  be  necessary. 

Since  a  large  amount  of  data  has  been  obtained  with  the  old  T.I.F. 
meter,  it  was  considered  desirable,  if  practicable,  to  adjust  the  scale 
of  the  revised  set  so  that  readings  made  by  this  method  would,  in 
general,  be  approximately  the  same  as  readings  obtained  by  the  old 
meter.  In  this  connection  calculations  using  the  old  and  new  weight- 
ings were  made  on  a  large  number  of  machines  and  circuits  of  various 
types  on  which  harmonic  analyses  were  available.  These  calculations 
were  supplemented  by  a  considerable  number  of  comparative  meas- 
urements in  the  factory  and  in  the  field,  using  meters  employing 
the  old  and  new  weightings.  These  calculations  and  tests  indicated 
that  in  the  average  case,  reasonably  satisfactory  correlation  between 
the  readings  made  by  the  two  meters  would  result  if  a  peak  value 
of  12,000  were  assigned  to  the  new  weighting  characteristic,  as  shown 
in  Fig.  2. 

Several  experimental  models  of  T.I.F.  measuring  sets  were  made 
employing  the  new  weighting  characteristic  and  these  have  given  ver>^ 
satisfactory  results.  The  adoption  of  the  rule  that  coupling  is  to  be 
considered  proportional  to  frequency  also  makes  it  possible  to  use  a 
circuit  noise  meter  and  a  small  amount  of  auxiliary  apparatus  to  form 
a  T.I.F.  meter. 

The  development  of  the  revised  method  of  measuring  T.I.F.  has  also 
been  conducted  under  the  auspices  of  the  Joint  Subcommittee  on 
Development  and  Research  of  the  Edison  Electric  Institute  and  the 
Bell  Telephone  System, 


On    the    Correlation    of    Radio    Transmission   with    Solar 

Phenomena  * 

By  A.  M.  SKELLETT 

A  DAILY  character  figure  for  radio  transmission  is  obtained  from 
the  data  of  the  short-wave  transatlantic  telephone  circuits  of  the 
American  Telephone  and  Telegraph  Company.  The  New  York- 
London  circuits  are  in  practically  continual  use  so  that  they  furnish 
data  from  which  a  character  figure,  representative  of  the  whole  24 
hours,  may  be  derived.  Such  figures  are  based  on  the  ratio  of  un- 
commercial to  total  time  and  thus  are  indirectly  dependent  on  field 
strengths. 

In  order  to  facilitate  plotting,  these  character  figures  were  reduced  to 
3  group  indices.  Figure  1  shows  the  indices  arranged  to  bring  out  the 
twenty-seven-day  recurrence  tendency.  This  is  demonstrated  by  the 
apparent  bunching  of  the  spots  into  more  or  less  vertical  columns. 
Terrestrial  magnetic  data  are  shown  alongside  in  similar  form  for 
comparison. 

The  recurrence  tendency  is  well  enough  marked  in  the  chart  so  that 
useful  predictions  of  future  behavior  may  be  made.  The  chart  is  kept 
up  to  date  and  then  by  inspection  a  prediction  may  be  made  for  any 
day  not  more  than  twenty-seven  days  distant.  Some  idea  of  the 
probable  accuracy  may  also  be  obtained  from  the  chart  by  noting 
whether  the  day  in  question  falls,  for  instance,  in  the  middle  of  a 
major  sequence  or  on  the  ragged  edge  of  a  poorly  defined  one.  Such 
probable  accuracy  is  expressed  by  modification  of  the  prediction  with 
the  words  "probably"  or  "possibly." 

The  correlation  between  the  two  phenomena  is  good  enough  so 
that  predictions  of  activity  of  one  nature  may  be  made  from  the  chart 
of  the  other  type  of  activity.  For  instance  it  would  be  possible  to 
predict  the  radio  behavior  from  the  magnetic  chart  alone.  This 
method  has  been  found  to  yield  the  same  order  of  accuracy  as  that 
using  the  radio  chart  alone. 

Daily  predictions  of  the  behavior  of  the  radio  circuits  from  either  the 
radio  or  magnetic  chart  have  been  correct  62  per  cent  of  the  time. 
Similar  predictions  of  the  magnetic  data  from  the  magnetic  chart  have 

*  Digest  of  a  paper  presented  at  the  Sixteenth  Annual  Meeting  of  the  American 
Geophysical  Union,  Washington,  D.  C,  April  25,  1935,  and  published  in  full  in  the 
Proceedings  of  the  Institute  of  Radio  Engineers,  November,  1935. 
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been  correct  71  per  cent  of  the  time.  These  figures  have  been  de- 
termined solely  on  the  basis  of  "disturbed"  or  "undisturbed"  and 
modification  of  the  forecasts  by  the  words  "probably"  and  "possibly" 
have  not  been  taken  into  account. 

This  method  of  making  predictions,  even  in  its  present  state,  is  of 
definite  use  commercially.  Special  forecasts  of  the  same  nature  have 
proved  useful  in  planning  certain  experimental  studies. 

Well  defined  sequences  of  activity  of  an  approximately  27-day  period 
are  also  apparent  in  data  of  solar  phenomena,  particularly  those 
relating  to  sunspots,  bright  and  dark  hydrogen  flocculi,'  and  promi- 
nences. An  attempt  to  link  such  solar  sequences  with  the  terrestrial 
ones  noted  above  in  a  cause  and  effect  relationship  was  not,  however, 
very  successful.  For  several  well  marked  radio  (and  magnetic) 
sequences  it  was  found  that  no  single  type  of  solar  activity  could  be 
identified  in  such  a  manner  as  to  exhibit  a  clear  cut  relationship. 
For  some  of  the  sequences  there  was  some  form  of  solar  activity  near 
the  center  of  the  sun  at  the  time  of  each  radio  disturbance  but  such 
activity  varied  between  recurrences  in  heliographic  latitude  and 
longitude  and  in  kind. 

A  similar  indefinite  result  was  found  by  starting  with  the  solar  se- 
quences and  attempting  to  match  the  terrestrial  data  with  them.  For 
instance  an  area  on  the  sun  approximately  in  heliographic  latitude 
-f  10°  and  longitude  of  315°  to  329°  exhibited  the  presence  of  either 
hydrogen  fiocculi,  prominences,  or  sunspots  or  combinations  of  these  on 
each  transit  across  the  face  of  the  sun  from  October  21,  1932  to  Febru- 
ary 9,  1933,  a  total  of  five  transits.  Sunspots  appeared  in  this  region 
on  the  last  four  transits  and  their  identity  over  this  period  of  time  was 
noted  at  Mt.  Wilson  Observatory.^  Although  the  times  of  central 
meridian  crossing  of  this  area  fall  within  a  well  defined  sequence  ^  on 
the  radio  chart  (between  days  6  and  9  on  the  left  at  the  bottom  of  the 
chart)  the  absence  of  activity  on  this  solar  area  for  earlier  recurrences 
of  the  radio  sequences  tends  to  vitiate  the  relationship  between  radio 
disturbances  and  those  types  of  solar  activity  which  were  observed. 
Nevertheless,  the  reality  of  the  27-day  period  in  radio  is  strong  indi- 
cation that  solar  activity  is  responsible,  even  though  not  convincingly 
identified  in  detail. 

Various  other  criteria  were  used  for  segregating  the  solar  data  for 
correlation.     For  instance,  a  study  of  the  solar  distribution  of  fiocculi 

'  Hydrogen  fiocculi  are  clouds  of  hydrogen  gas  observed  with  a  spectrohelioscope 
set  on  the  hydrogen  line  Ha. 

^Publ.  Astr.  Soc.  Pac,  45,  263,  53,  Feb.  1933. 

*  This  sequence  is  considerably  strengthened  by  increasing  the  number  of  group 
ndices  into  which  the  data  are  divided. 
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and  spots  on  terrestrially  disturbed  and  quiet  days  shows  a  maximum 
and  minimum,  respectively,  about  13°  west  of  the  center  (one  day 
past) ;  see  Fig.  2.     These  curves  are  interpreted  as  indicating  that  the 
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Fig.  2 — Distribution  across  the  solar  disc  of  solar  phenomena  on 
terrestrially  disturbed  and  quiet  days. 


most  probable  position  of  flocculi  and  spots  on  disturbed  days  is  13° 
west  of  the  center  of  the  solar  disc  and  that  on  quiet  days  it  is  other 
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than  in  this  region.  The  one-day  interval  from  the  center  is  inter- 
preted as  the  time  taken  for  the  propagation  of  the  disturbance  from 
the  sun  to  the  earth. 

Probably  one  reason  for  the  indecisive  nature  of  the  results  is  to 
be  found  in  the  intermittent  manner  in  which  the  solar  data  are 
necessarily  obtained.  It  seems  likely  that  considerably  more  success 
might  be  obtained  in  determining  the  solar-terrestrial  relationships, 
if  the  solar  disc  could  be  watched  continually  on  a  world-wide  program 
of  observation,  as  Hale^  has  suggested,  to  record  all  solar  outbursts 
and  so  to  increase  the  completeness  of  the  solar  data  until  they  ap- 
proach those  of  the  terrestrial. 

*Astrophys.  Jour.,  73,  408,  1931. 


Eclipse  Effects  in  the  Ionosphere  * 

By  J.  p.  SCHAFER  and  W.  M.  GOODALL 

It  is  concluded  from  measurements  of  virtual  heights  and  critical  ioniza- 
tion frequencies  of  the  various  regions  of  the  ionosphere  which  were  made 
during  two  solar  eclipses  at  Deal,  New  Jersey,  that  ultra-violet  light  is  an 
important  ionizing  agency  in  the  E,  M,  Fi,  and  F2  regions. 

AS  a  result  of  pulse  measurements  made  at  Deal,  New  Jersey,  dur- 
ing the  partial  eclipse  of  the  sun  February  3,  1935,^  and  during 
the  total  eclipse  of  the  sun  of  August  31,  1932,^  we  now  have  data 
which  show  that  the  passage  of  the  moon's  shadow  across  the  earth  is 
accompanied  by  a  decrease  in  ionization  in  four  of  the  ionized  regions 
of  the  ionosphere  (E,  M,  Fi  and  F2).' 

During  the  1932  eclipse  the  ionic  density  in  the  E  and  Fi  regions 
was  found  to  decrease,  with  the  maximum  effect  occurring  shortly 
after  the  eclipse  maximum.  Since  the  ionization  in  these  two  regions 
ordinarily  changes  uniformly  with  time,  and  since  the  variations  ob- 
served during  the  eclipse  were  much  larger  than  normal  variations,  we 
believe  that  the  decrease  in  ionic  density  was  actually  caused  by  the 
eclipse.  As  regards  the  changes  observed  in  the  F2  region,  our  1932 
results  were  not  conclusive  because  the  maximum  effect  in  this  region 
did  not  coincide  with  the  eclipse  but  occurred  somewhat  later.  The 
ionic  density  in  this  region  is  known  to  fluctuate  on  at  least  some  non- 
eclipse  days  and  did  in  fact  undergo  comparable  variations  on  several 
occasions  during  the  two  days  preceding  and  the  two  days  following 
the  eclipse.  Other  observers  have  reached  the  same  conclusions  as 
regards  the  F2  region  during  the  1932  eclipse  from  their  own  data.* 

The  data  from  which  our  conclusions  were  drawn  are  shown  in 
Fig.  1. 

*  Presented  before  joint  meeting  of  I.  R.  E  and  U.  R.  S.  I.,  Washington,  D.  C, 
April  26,  1935.  Published  in  same  brief  form  in  November,  1935  /.  R.  E.  Proceed- 
ings as  in  this  Journal. 

»  Letter  to  Nature,  vol.  135,  p,  393;  March  9,  1935. 

*  Mention  has  already  been  made  of  the  results  of  our  1932  eclipse  experiments 
in  the  following  publications: 

Science.  November  11,  1932;  Proc.  Fifth  Pacific  Science  Congress,  vol.  3,  pp. 
2171-2179,  1934;  Nature,  September  30,  1933;  Bell  Lab.  Record,  March,  1935. 

The  data  have  never  been  published  and  we  are  therefore  including  some  of  it 
in  this  paper  as  it  may  be  of  interest  to  other  investigators  in  this  field. 

*  M  refers  to  the  intermediate  region  between  E  and  Fi. 

"  Kirby,  Berkner,  Gilliland,  and  Norton.  Proc.  I.  R.E.,  vol.  22,  pp.  2-16-265, 
February,  1934;  Henderson,  Canadian  Jour.  Res.,  January,  1933. 
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Fig.  1 — Virtual  height  values  during  the  total  eclipse  of  August  31,  1932. 
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The  double  maximum  in  virtual  height  with  a  minimum  between 
for  2398  and  3492.5  kilocycles  ^  is  interpreted  by  us  to  have  been 
caused  by  a  decrease  in  ionic  density  in  the  Fi  region,  which  resulted  in 
a  change  in  reflection  from  the  Fi  to  the  F2  layer  during  the  central 
part  of  the  eclipse. 

From  the  curves  of  Fig.  1,  it  is  possible  to  plot  the  virtual  height 
contour  map  shown  in  Fig.  2.     Since  we  know  as  a  result  of  data  taken 
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Fig.  2 — Virtual  height  contour  map  drawn  from  data  for  Fig.  1,  for  August  31,  1932. 

on  several  hundred  days  that  the  A'-component  curve  in  Fig.  1  for 
4797.5  kilocycles  is  nearly  equivalent  to  the  0-component  ®  curve  for 
a  frequency  approximately  750  kilocycles  lower  (i.e.,  4050  kilocycles), 

»  Mimno  and  Wang,  Proc.  I.  R.  E.,  vol.  21,  pp.  529-545,  April,  1933,  and  Kenrick 
and  Pickard,  Proc.  I.  R.  £.,  vol.  21,  pp.  546-566,  April,  1933,  obtained  similar  double 
maximum  curves. 

^  The  expressions  "0-component"  and  "X-component "  are  used  in  place  of  the 
terms  "ordinary  ray"  and  "extraordinary  ray"  used  by  other  writers. 
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there  are  in  effect  0-component  curves  for  four  different  frequencies 
available  for  plotting  the  contour  map.  The  dotted  lines  represent  re- 
gions of  maximum  ionization.  These  curves  show  in  a  rather  striking 
manner  the  sharp  decrease  in  ionization  of  the  E  and  Fi  regions  near 
the  time  of  the  eclipse  maximum. 

The  uncertainty  of  the  1932  results  as  regards  the  F'2  region  led  us 
to  concentrate  our  efforts  on  this  region  during  the  1935  eclipse.  Im- 
proved technique  now  made  it  possible  to  measure  the  critical  ioniza- 
tion frequencies  directly  instead  of  makmg  virtual  height  measure- 
ments on  fixed  frequencies  as  had  been  done  during  the  1932  eclipse. 
The  critical  frequencies  for  the  E  and  M  regions  were  measured  in 
addition  to  those  for  the  F2  region. 

W^e  found  that  this  eclipse  was  accompanied  by  a  decrease  in  the 
maximum  ionic  density  in  all  three  regions  and  that  the  minimum  ioni- 
zation occurred  at  or  very  shortly  after  the  eclipse  maximum.  The 
percentage  decrease  was  progressively  greater  from  the  lowest  to  the 
highest  region,  being  approximately  twenty  per  cent  for  the  E  region, 
twenty-two  per  cent  for  the  M  region,  and  twenty-five  per  cent  for 
the  F2  region. 

Some  such  progressive  change  might  be  expected  from  the  fact  that 
the  eclipse  had  a  magnitude  of  forty  per  cent  at  the  ground  and  ap- 
proximately forty-three  per  cent  in  the  F2  region  (250  kilometers  over 
Deal).  These  magnitudes  are  in  terms  of  the  sun's  diameter,  and  on 
the  basis  of  eclipsed  area  these  figures  become  twenty-nine  and  thirty- 
one  per  cent,  respectively. 

Figure  3  gives  the  critical  ionization  frequencies  for  the  three  days 
on  which  data  were  obtained.  The  curves  for  the  E  and  M  regions 
are  for  the  O-component  while  the  curves  for  the  F2  region  are  for  the 
X-component.  For  the  0-component,  the  ionic  density,  N,  is  pro- 
portional to  /c^  where  fc  is  the  critical  ionization  frequency,  while  for 
the  X-component  curve  in  Fig.  3,  iV,  is  proportional  to  {fc  —  750  kc.).' 

The  decreases  in  ionic  density  of  the  various  regions  may  be  com- 
pared with  a  fifty  to  sixty  per  cent  decrease  in  the  E  region  ionization 
during  the  eclipse  of  August  31,  1932,  when  the  eclipse  magnitude  was 
ninety-five  to  one  hundred  per  cent. 

The  1935  measurements  give  a  more  definite  synchronism  than  those 
of  1932,  between  the  eclipse  occurrence  and  the  time  of  decrease  in 
ionic  density 'of  the  F2  region. 

In  view  of  the  variable  nature  of  the  F2  region,  it  is  a  possibility 
that  the  decrease  in  ionic  density  at  the  time  of  the  eclipse  was  a  mere 
coincidence  and  was  actually  due  to  some  noneclipse  agency.  We  be- 
lieve that  this  was  not  the  case  and  that  the  decrease  in  F2  ionization 
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Fig.  3 — Critical  ionization  frequencies  during  the  partial  eclipse  of  February  3,  1935 


was  a  bona  fide  eclipse  effect,  as  the  decrease  began  within  a  few  min- 
utes after  the  first  contact,  and  the  density  attained  its  lowest  value 
shortly  after  the  maximum  of  the  eclipse  and  recovered  to  a  more  or 
less  constant  higher  value  a  few  minutes  after  the  last  contact.  At 
no  time  during  these  measurements  on  the  eclipse  day  or  the  days 
after  was  there  any  other  variation  of  a  comparable  magnitude. 

These  results  therefore  indicate  that  ultraviolet  light  ^  is  an  impor- 
tant ionizing  agency  in  the  E,  M,  Fi  and  F2  regions  of  the  ionosphere. 

'  While  ultraviolet  light  is  probably  the  ionizing  agency  responsible  for  the  eflfects 
noted,  any  other  solar  emanation  which  travels  substantially  at  the  velocity  of  light, 
should  not  be  precluded  from  consideration.  See  E.  A.  W.  Miiller,  Nature,  Febru- 
ary 2,  1935,  who  suggests  Roentgen  type  radiation. 


Earth  Resistivity  and  Geological  Structure  * 

By  R.  H.  CARD 

TN  connection  with  inductive  coordination  problems  it  is  frequently 
-^  necessary  to  estimate  low-frequency  ground-return  mutual  im- 
pedances between  power  and  communication  lines.  The  distribution 
of  currents  in  the  earth  is  a  major  factor  in  the  determination  of  these 
impedances.  This  distribution  is  controlled  by  the  resistivities  of  the 
component  parts  of  the  earth's  crust  and  the  arrangement  of  these 
parts.  In  impedance  formulas  that  are  customarily  used  the  effect 
of  the  earth  is  taken  care  of  by  the  inclusion  of  a  single  parameter — the 
earth  resistivity.  For  a  homogeneous  earth  this  would  be  the  actual 
resistivity  of  the  material  composing  it.  But  the  crust  is  nowhere 
homogeneous;  hence,  the  resistivity  used  in  such  formulas  is  always  of 
the  nature  of  an  average  of  the  resistivities  of  the  several  parts  of  the 
crust — it  is  termed  the  effective  earth  resistivity. 

The  effective  earth  resistivities  for  fundamental  power-system  fre- 
quencies derived  from  mutual  impedance  measurements  made  in  many 
parts  of  the  world  range,  in  general,  from  2  to  10,000  meter-ohms.  In 
a  few  instances  values  considerably  higher  than  10,000  meter-ohms 
have  been  observed.  (The  resistivity  of  a  particular  material,  ex- 
pressed in  terms  of  the  meter-ohm,  is  equal  to  the  resistance  in  ohms 
between  opposite  faces  of  a  one-meter  cube  of  that  material.) 

With  such  a  range  of  earth  resistivities  to  contend  with  it  is  to  be 
expected  that  estimates  of  ground-return  mutual  impedances  for  situa- 
tions in  areas  where  no  earth  resistivity  data  are  available  may  be  in 
error  by  large  factors.  In  an  effort  to  improve  upon  the  accuracy  of 
such  estimates  a  study  was  begun  several  years  ago  of  the  relation 
between  effective  earth  resistivity  and  geology^.  Consideration  was 
at  that  time  given  only  to  area!  geology,  the  geology  of  the  strata  of 
the  crust  lying  immediately  below  the  soil  and  other  loose  surface 
materials. 

From  this  preliminary  work,  it  appeared  that  the  resistivities  in 
areas  of  very  old  rocks  were  high  and  that,  in  a  general  way,  decreasing 
resistivity  corresponded  to  decreasing  age  of  the  rocks.  There  were, 
however,  a  number  of  outstanding  discrepancies  that  could  not  be 
satisfactorily  explained. 

*  Digest  of  a  paper  published  in  Eleclrical  Engineering,  November,  1935,  and 
scheduled  for  presentation  at  the  A.  I.  E.  E.  Winter  Convention,  New  York,  N.  Y., 
January  28-31,  1936. 
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It  then  became  apparent  that  consideration  of  the  areal  geology 
alone  was  not  sufficient;  instead,  that  the  earth's  structure  to  depths 
ranging  from  several  hundred  to  several  thousand  feet  must  be  taken 
into  account.  Data  on  this  structure  and  the  effective  resistivities 
indicated  by  mutual  impedance  measurements  at  a  large  number  of 
test  sites  have  now  been  assembled.  Analysis  of  these  data  shows  a 
more  or  less  consistent  relation  between  the  resistivity  at  any  given 
point  and  the  age  and  physical  characteristics  of  the  geological  forma- 
tions involved.  This  relation  is  such  that,  in  general,  decreasing 
effective  resistivity  corresponds  roughly  to  decreasing  age  of  the 
formations,  as  the  earlier  studv^  seemed  to  indicate.  However,  there 
are  certain  exceptions  to  this  rule. 

The  principal  correlation  data  derived  from  the  tests  are  summarized 
in  the  following  tabulation.  This  is  the  result  of  grouping  the  tests 
in  accordance  with  the  geological  periods  to  which  the  principal  strata 
comprising  the  structure  in  each  case  belong  and  noting  the  ranges 
within  which  the  resistivities  determined  by  the  greater  part  of  the 
tests  of  each  group  lie. 

Pre-Cambrian  and  combinations  of  Pre-Cambrian  and  Cam- 
brian   1000-10,000  m.-ohms 

Cambrian  and  Ordovician  combinations 100-1000  m.-ohms 

Ordovician  to  Devonian,  inclusive,  and  combinations  of  these 

periods 50-600  m.-ohms 

Carboniferous,  Triassic,  and  combinations  of  Carboniferous  and 

earlier  periods 10-300  m.-ohms 

Cretaceous,  Tertiary,  Quaternary  and  combinations  of  these 

periods 2-30  m.-ohms 

It  would  be  well  to  examine  briefly  the  meaning  of  this  summary  and 
to  consider  its  limitations.  The  geologists  tell  us  that  underlying  the 
entire  continent  are  extremely  old  rocks,  extending  downward  to  great 
depths.  Little  is  known  of  the  relative  ages  of  different  parts  of  this 
underlying  structure.  They  are  here  grouped  under  the  general  term 
pre-Cambrian.  In  some  areas  pre-Cambrian  rocks  appear  at  or  near 
the  surface,  the  only  covering  being  clays,  soils,  and  other  loose 
materials.  In  other  areas  they  are  overlain  by  rocks  and  sediments 
formed  during  later  periods,  the  total  thickness  of  which  ranges  up  to 
many  thousands  of  feet.  The  ages,  arrangement,  and  characteristics 
of  these  upper  strata  are  much  better  known.  They  are  assigned  by 
geologists  to  various  periods  in  accordance  with  the  ages  during  which 
they  were  formed.  These  periods  appear  in  the  tabulation  in  order 
from  the  oldest  to  the  youngest. 

In  the  case  of  tests  made  in  areas  where  the  pre-Cambrian  rocks  are 
overlain  by  younger  strata  it  becomes  necessary  to  consider  just  what 
portion  of  the  structure  probably  influenced  the  test  results.     For 
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instance,  at  the  test  sites  included  in  the  second  group  of  the  summary 
the  upper  part  of  the  structure  consists  of  Ordovician  rocks.  These 
are  underlain  by  Cambrian  strata  which,  in  turn,  lie  on  the  pre- 
Cambrian  base.  The  question  arises  whether  the  results  were  in- 
fluenced by  the  Ordovician  strata  alone,  by  both  the  Ordovician  and 
Cambrian,  or  by  the  Ordovician,  Cambrian,  and  pre-Cambrian. 
Calculations  have  been  made  which  indicate  that  probably  only  the 
Ordovician  and  Cambrian  strata  were  involved  to  any  important 
extent.  The  tests  in  the  other  groups  have  been  treated  in  a  similar 
manner. 

In  the  cases  considered  above  the  measurements  were  apparently 
influenced  largely  by  strata  of  a  single  period  or  of  two  or  more  periods 
of  about  the  same  age.  The  problem  is  not  always  as  simple  as  this. 
For  instance,  in  some  areas  combinations  of  very  old  and  very  young 
strata  occur.  Areas  in  which  the  oldest  rocks,  the  pre-Cambrian,  lie 
directly  under  comparatively  thin  sediments  of  the  latest  periods — 
the  Quaternary,  Tertiary,  and  Cretaceous — are  not  uncommon.  The 
efi"ective  resistivities  shown  by  the  tests  in  such  areas  range  between 
very  wide  limits  and  the  tabulation  should  not  be  taken  as  indicative 
of  the  values  which  may  prevail  under  such  conditions. 

The  eff"ects  of  soils,  glacial  drift,  alluvial  deposits  along  the  courses  of 
streams,  and  other  surface  materials  may  also  in  some  instances  be 
such  as  to  result  in  effective  resistivities  differing  widely  from  those 
that  would  be  indicated  by  the  tabulation.  The  effect  of  local  alluvial 
deposits,  where  they  overlie  the  older  rock  strata,  is  to  lower  very 
materially  the  effective  resistivity  that  would  be  expected  were  the 
deposits  not  present. 

Another  limitation  which  must  be  considered  is  concerned  with  the 
presence  of  rocks  formed  by  volcanic  action.  Apparently  such  rocks 
usually  have  a  high  resistivity  and  where  they  occur  in  a  comparatively 
young  structure,  the  effective  resistivity  may  be  much  higher  than  the 
tabulation  would  indicate. 

The  test  results  indicate  also  that  the  effective  resistivities  of 
structures  of  given  periods  within  certain  large  geographical  regions 
are  markedly  different  from  those  of  structures  of  the  same  periods  in 
other  large  regions.  Within  any  one  of  such  regions,  excluding  areas 
where  igneous  and  highly  metamorphosed  sedimentary  rocks  are  in- 
volved, the  effective  resistivities  of  structures  of  the  same  period  are 
encompassed  within  a  comparatively  narrow  band. 

To  facilitate  the  use  of  the  correlation  data,  the  different  areas  within 
which  tests  have  been  made  have  been  divided  into  groups  in  accord- 
ance with  the  geological  periods  of  the  uppermost  strata  within  these 
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areas  and  maps  have  been  prepared  which  show  the  boundaries  of 
these  areas  and  the  results  of  the  tests  within  them.  Two  such  maps 
are  shown  in  Figs.  1  and  2.  These  maps  show  the  geological  periods  of 
the  upper  strata  as  they  would  appear  were  the  overlying  mantle  of 
soil,  glacial  drift,  local  alluvial  deposits  and  such  removed.     Any  one 


Fig.  1 — Areal  geology  and  effective  resistivities — pre-Cambrian  areas. 

"test,"  as  the  designation  is  employed  here,  may  include  measurements 
of  ground-return  mutual  impedances  for  a  number  of  different  con- 
ductors or  sections  of  line  and  the  test  results  for  these  different 
conductors  or  sections  may  indicate  quite  a  wide  range  of  resistivities — 
often  2  or  3  to  1  and  occasionally  10  or  more  to  1,  depending  upon  the 
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degree  of  complexity  of  the  earth's  structure  at  the  test  site.  The 
maps  show,  for  each  test,  roughly  the  average  of  the  resistivities 
indicated  by  the  different  measurements.  They  also  indicate  for  each 
test  the  relative  extent  of  the  lines  involved  in  the  test. 

Within  the  heavy  boundary  lines  of  Fig.  1  the  rocks  are  largely  pre- 
Cambrian.  It  will  be  noted  that  most  of  the  tests  in  these  areas 
indicated  very  high  earth  resistivities — from  1400  to  10,000  meter- 


Fig.  2 — Area!  geology  and  effective  resistivities — Gulf  Coastal  Plain  areas. 


ohms.  The  single  exception,  one  test  in  New  York  which  showed  a 
value  of  200  meter-ohms,  is  illustrative  of  the  effect  of  alluvial  deposits. 
The  lines  involved  in  this  test  were  located  in  a  narrow  valley,  the 
floor  of  which  was  partly  covered  with  alluvium.  By  contrast,  the 
structures  of  the  areas  shown  in  Fig.  2  are  of  the  three  latest  periods, 
the  Quaternary,  Tertiary  and  Cretaceous,  and  the  effective  resistivities 
are  very^low — from  4  to  32  meter-ohms. 


Abstracts  of  Technical  Articles  from  Bell  System  Sources 

Heat  Treatment  of  Magnetic  Materials  in  a  Magnetic  Field — //. 
Experiments  with  Two  Alloys.^  Richard  M.  Bozorth  and  Joy  F. 
DiLLiNGER.  The  magnetization  of  two  alloys,  as  affected  by  heat 
treatment  in  a  magnetic  field  at  various  temperatures,  is  examined  in 
some  detail  in  order  to  elucidate  the  nature  of  the  accompanying 
changes  which  result  in  some  cases  in  a  30-fold  increase  in  maximum 
permeability.  The  experiments  show  that  these  alloys  (one  con- 
taining approximately  35  per  cent  iron  and  65  per  cent  nickel,  the 
other  20  per  cent  iron,  60  per  cent  cobalt  and  20  per  cent  nickel)  can 
be  effectively  heat  treated  in  a  magnetic  field  of  10  oersteds  if  the 
temperature  is  above  400°  C.  and  below  the  Curie  point  of  the  alloy. 
The  time  during  which  the  magnetic  properties  change  has  been 
measured  at  different  temperatures  and  is  found  to  vary  according  to 
the  equation  r  =  A^"''^.  The  experiments  are  interpreted  in  terms  of 
the  domain  theory  of  ferromagnetism.  The  changes  which  occur  are 
due  to  the  relief  of  magnetostrictive  stresses  which  arise  when  the 
material  becomes  ferromagnetic  upon  cooling  through  the  Curie 
point  or  when  an  external  magnetic  field  is  applied,  and  the  relief 
comes  about  by  plastic  flow  or  diffusion  in  the  separate  domains.  The 
values  of  A  (about  10~^^  second)  and  W  (2.1  electron  volts)  are  the 
same  as  those  determined  by  Bragg  and  Williams  for  the  above  equa- 
tion which  also  gives  the  time  necessary  for  the  establishment  of  a 
superstructure  in  alloys.  The  relation  between  the  two  processes, 
establishment  of  superstructure  and  the  relief  of  magnetostrictive 
strains,  is  pointed  out.  | 

Heat  Treatment  of  Magnetic  Materials  in  a  Magnetic  Field — I. 
Survey  of  Iro7t- Cobalt-Nickel  Alloys."^  Joy  F.  Dillinger  and  Richard 
M.  Bozorth.  The  changes  that  occur  in  the  magnetic  properties  of 
iron-cobalt-nickel  alloys  when  they  are  annealed  in  a  magnetic  field, 
have  been  investigated  for  a  series  of  these  alloys.  The  maximum 
change  for  the  iron-nickel  alloys  occurs  between  65  and  70  per  cent 
nickel  and  is  evidenced  by  a  large  increase  in  maximum  permeability 
and  a  hysteresis  loop  of  rectangular  shape.  All  of  the  alloys  with 
Curie  points  above  500°  C.  and  with  no  phase  transformation  have 
their  properties  similarly  changed.     Thorough  preliminary  annealing 

•  Physics,  September,  1935. 

*  Physics,  September,  1935. 
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enhances  the  effect.  With  an  extreme  preHminary  anneal  of  1400°  C. 
for  18  hours  specimens  of  65  permalloy  have  been  obtained  with  the 
record  value  of  maximum  permeability  of  600,000.  The  magnetic 
characteristics  of  materials  treated  in  this  way  are  relatively  insensitive 
to  stress.  These  magnetic  characteristics  are,  however,  highly  aniso- 
tropic; the  maximum  permeability  in  one  direction  is  as  much  as  150 
times  as  large  as  that  at  right  angles. 

Newer  Concepts  of  the  Pitch,  the  Loudness  and  the  Timbre  of  Musical 
Tones}  Harvey  Fletcher.  It  has  generally  been  thought  that 
corresponding  to  the  three  psychological  aspects  of  a  sound,  namely, 
the  pitch,  the  loudness  and  the  timbre,  there  are  the  three  physical 
aspects  of  a  sound  wave,  namely,  the  wave-length,  the  amplitude  and 
the  wave  form.  Although  it  is  true  that  there  is  such  a  correspondence 
in  a  very  approximate  way,  when  the  matter  is  examined  more  closely 
it  is  found  that  each  of  the  psychological  aspects  depends  upon  all 
three  of  the  physical  properties  of  the  sound  wave. 

In  the  paper  it  was  shown  how  loudness  can  be  defined  in  a  quantita- 
tive way  and  measured  by  experimental  methods  which  are  described. 
From  such  measurements  a  relation  has  been  found  between  loudness 
as  it  is  ordinarily  understood  by  the  lay  man  and  the  physical  intensity. 
In  the  higher  intensity  regions  it  is  found  that  if  the  intensity  of  a 
sound  is  increased  1000-fold  then  the  loudness  will  be  increased  10-fold. 
In  other  words  in  these  regions  the  loudness  as  determined  by  the 
average  observer  is  proportional  to  the  cube  root  of  the  intensity.  For 
the  lower  intensities  the  loudness  increases  more  rapidly  than  for  the 
high  intensities,  being  almost  proportional  to  the  intensity  in  the 
regions  near  the  threshold.  It  is  shown  that  the  loudness  depends 
upon  the  frequency,  the  overtone  structure  and  the  intensity  of  the 
complex  sound. 

In  a  similar  way  a  precise  definition  of  pitch  is  given  which  makes  it 
possible  to  make  quantitative  measurements  of  this  psychological 
aspect  of  a  sound.  Contrary  to  the  usual  notion  it  is  found  that  the 
pitch  varies  not  only  with  the  fundamental  frequency  but  also  with 
intensity  of  the  sound  and  with  the  overtone  structure.  For  example, 
it  was  found  that  the  pitch  of  a  tone  having  a  frequency  between  100 
and  200  cycles  may  be  lowered  more  than  a  full  tone  by  increasing  the 
intensity  without  changing  the  frequency.  Also  it  was  shown  that  the 
pitch  of  a  complex  tone  may  shift  as  much  as  1  or  2  octaves  by  changing 
the  overtone  structure.  Numerous  examples  are  given  to  show  that 
pitch  also  depends  upon  the  three  physical  quantities,  frequency,  over- 
tone structure,  and  intensity.     Although  quantitative  measurements 

^  Jour.  Franklin  Institute,  October,  1935. 
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on  timbre  are  still  lacking  there  is  no  doubt  that  similar  results  will  be 
found  for  timbre,  namely,  that  although  it  depends  principally  upon 
the  overtone  structure,  nevertheless,  changes  in  fundamental  frequency 
and  changes  in  the  intensity  also  produce  large  changes  in  the  timbre. 

Ceramics  in  the  Telephone.'^  A.  G.  Johnson  and  L.  I.  Shaw.  In 
this  descriptive  paper  by  Western  Electric  engineers  the  problems  of 
ceramic  materials  as  they  relate  to  telephone  usage  are  discussed. 
New  products  with  specific  properties  include  every  type  of  ceramic 
material — electrical  porcelain,  vitreous  enameled  parts,  glass  and 
heavy  clay  products.  Manufacturing  problems  of  the  above  materials 
are  discussed. 

La  Transformation  Triangle — Etoile  pour  des  Elements  de  Circuits 
Generaux.^  John  Riordan.  This  paper  gives  the  relations  between 
the  constants  of  linear  passive  transducers  connected  in  star  and  delta. 
The  delta-star  transformation  previously  given  by  Lavanchy  (Revue 
Generale  de  VElectricite,  XXXVI,  pp.  Il-v31  and  51-59)  is  shown  to 
admit  a  slight  generalization,  perhaps  of  little  practical  importance. 
In  the  reverse  (star-delta)  transformation  (not  previously  given),  three 
of  the  nine  independent  constants  of  the  three  transducers  are  shown 
to  be  defined  uniquely,  but  of  the  remaining  six,  three  may  be  defined 
at  pleasure,  subject  only  to  dimensional  and  cyclic  requirements  .  This 
lack  of  uniqueness  is  shown  concordant  with  the  connection  conditions. 

Flutter  in  Sound  Records.^  T.  E.  Shea,  W.  A.  MacNair,  and  Y. 
SuBRizi.  Frequency  modulation  of  a  sound  signal  is  caused  by  non- 
uniformity  in  the  record  speed  during  the  recording  or  reproducing 
process.  This  source  of  flutter  is  discussed  and  was  demonstrated  at 
the  May  1935  Convention  of  the  Society  of  Motion  Picture  Engineers. 

The  paper  includes  a  discussion  of  the  physical  nature  of  freque  ncy 
modulation,  the  physiological  effects  of  frequency  modulation,  the 
methods  of  producing  known  amounts  of  artificial  flutter,  and  the 
methods  of  measuring  flutter. 

Acoustic  Impedance  of  Small  Orifices.''  L.  J.  Sivian.  Data  are 
presented  giving  the  measured  acoustic  reactance  and  resistance  for  a 
number  of  circular  orifices  varying  in  diameter  from  1  cm.  down  to 
0.034  cm.,  and  for  a  rectangular  orifice  1.9  cm.  X  0.075  cm.  The 
measurements  were  made  for  various   particle  velocities,    the   cor- 

*  Indus,  and  Engg.  Chemistry,  November,  1935. 

*  Revue  Generale  de  I'&ledricitc,  September  21,  1935. 
«  Jour.  S.  M.  P.  E.,  November,  1935. 

'  Jour.  Acous.  Soc.  Amcr.,  October,  1935. 


ABSTRACTS  OF   TECHNICAL  ARTICLES  175 

responding  Reynolds  numbers  varying  from  0.7  to  3000,  roughly.  The 
reactance  is  found  substantially  independent  of  the  particle  velocity;  a 
formula  for  computing  it  is  given.  The  resistance  approaches  a  con- 
stant value  as  the  velocity  is  sufficiently  decreased;  formulae  for  com- 
puting this  "low  velocity"  resistance  are  given.  At  larger  velocities 
the  resistance  increases  with  the  velocity.  This  is  discussed  from  the 
standpoint  of  a  loss  of  kinetic  energy  of  flow,  acting  besides  viscosity 
and  turbulence. 

Earth-Potential  Measurements  Made  During  the  International  Polar 
Year.^  G.  C.  Southworth.  Data  are  presented  covering  the  normal 
diurnal  variation  of  earth-potentials  as  measured  at  about  a  dozen 
different  points,  mostly  m  eastern  United  States.  These  data  are 
arranged  in  graphical  form  for  the  convenience  of  the  casual  reader  and 
also  in  numerical  form  for  the  use  of  the  correlator.  The  data  for 
Wyanet  (Illinois),  Houlton  (Maine),  and  New  York  (New  York)  are 
based  on  nearly  continuous  recordings  extending  over  a  period  of  one 
or  two  years.  This  period  includes  the  International  Polar  Year.  At 
other  points,  less  extensive  data  were  taken.  These  show  the  general 
characteristics  peculiar  to  the  location  in  question. 

The  data  taken  at  Wyanet,  Houlton,  and  New  York  have  been 
analyzed  for  harmonic  content.  At  New  York  the  fundamental  and 
to  a  large  extent  the  harmonics  also,  are  directed  along  a  northwest- 
southeast  line.  At  Wyanet  and  Houlton  these  components  tend  to 
rotate  with  time.  The  pronounced  directive  effect  noted  near  New 
York  appears  to  prevail  rather  generally  along  the  eastern  part  of  the 
United  States  from  Massachusetts  to  Florida  and  possibly  into  Cuba. 
The  rotary  effect  noted  in  the  Houlton  and  Wyanet  data  is  also  found 
in  data  taken  in  the  southern  part  of  the  Mississippi  Valley.  Most  of 
the  data  point  toward  the  generally  accepted  view  that  there  is  a  close 
relation  between  earth-resistivity  and  the  direction  and  magnitude  of 
earth-potentials.  However,  there  are  some  inconsistencies  noted 
which  tend  to  make  this  less  definite. 

The  Characteristics  of  Sound  Transmission  in  Rooms.^  E.  C.  Wente. 
The  characteristics  of  electrical  circuits  used  for  communication  pur- 
poses are  advantageously  determined  from  a  measurement  of  the 
transmission  loss  as  a  function  of  frequency.  Similarly,  a  measure- 
ment of  the  acoustic  pressures  at  various  points  in  a  room  while  sound 
of  fixed  intensity  is  emitted  from  a  source  should  permit  an  evaluation 
of  the  acoustic  characteristics  of  the  room.     Measurements  of  this 

*  Terrestrial  Magnetism,  September,  1935. 
^  Jour.  Aeons.  Soc.  Amer.,  October,  1935. 
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type  have  in  the  past  not  led  to  any  useful  results  because  of  the  large 
variations  in  acoustic  pressures  produced  by  standing  waves.  When 
a  high-speed  level  recorder  is  used  to  record  pressure  levels  automati- 
cally as  the  frequency  of  a  constant  source  is  continuously  varied, 
curves  are  obtained  which  not  only  show  the  variations  in  the  general 
level  of  acoustic  pressures  in  the  various  frequency  regions,  but  which 
also  permit  an  evaluation  of  the  reverberation  characteristics  of 
different  parts  of  the  room.  The  paper  shows  curves  obtained  with 
the  recorder  under  various  room  conditions. 
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The  Reliability  of  Short- Wave  Radio  Telephone  Circuits  * 

By  R.  K.  POTTER  and  A.  C.  PETERSON,  Jr. 

From  empirical  measurements  of  noise-to-signal  ratio  made  during  the 
routine  operation  of  short-wave  radio  telephone  circuits  there  is  obtained  a 
general  relation  between  percentage  lost  circuit  time  and  transmission 
improvement  in  decibels.  In  this  relation  "percentage  lost  circuit  time"  is 
the  percentage  of  time  that  the  noise-to-signal  ratio  is  considered  unsatisfac- 
tory.    No  attempt  is  made  to  define  such  a  standard  quantitatively. 

If,  from  past  experience  with  a  long-range,  short-wave  telephone,  tele- 
graph or  broadcast  circuit,  it  is  known  that  the  circuit  is  unsatisfactory  a 
certain  percentage  of  the  time,  the  above-mentioned  relation  may  be  used  to 
estimate  the  effect  of  transmission  improvement  upon  this  percentage  of 
unsatisfactory  or  lost  time.  For  a  given  circuit  the  variation  in  percentage 
lost  circuit  time,  as  the  standard  for  the  tolerable  sers'ice  is  changed  by  a 
given  number  of  decibels,  may  also  be  estimated. 

There  are  included  estimates  of  the  relation  between  the  number  of  lost 
time  inter^'als  of  various  lengths  and  transmission  improvement. 

Introduction 

WITHIN  a  comparatively  few  years  short-wave  radio  telephone 
circuits  have  become  an  important  part  of  the  international 
communication  network.  These  years  have  represented  a  wide  variety 
of  experience  ranging  between  the  quiet  and  the  disturbed  extremes  of 
an  eleven-year  sunspot  cycle.  An  attempt  is  made  here  to  review  some 
of  this  transmission  experience  in  a  quantitative  way  and  show  certain 
relations  that  may  be  useful  in  the  engineering  of  short-wave  circuits. 
During  a  magnetically  disturbed  year,  such  as  1930,  a  low-power 
short-wave  transmitter  with  a  simple  antenna  arrangement  would  have 
provided  very  uncertain  means  for  communication  across  the  North 
Atlantic.  The  percentage  of  time  that  such  equipment  could  transmit 
what  according  to  lenient  standards  in  terms  of  noise-to-signal  ratio 
are  useful  telephone  signals,  would  have  been  very  low.  If  the  power 
of  the  transmitter  were  increased  or  a  directive  antenna  employed  to 
reduce  the  noise-to-signal  ratio  the  percentage  useful  time  would,  as 
based  upon  the  same  standards,  be  increased  or  conversely  the  per- 
centage lost  time  decreased.     Any  improvement  which  will  decrease 

*To  be  presented  at  joint  meeting  of  U. R.S.I,  and  I.R.F.,  Washington,  U.  C, 
May  1,  1936. 
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the  noise-to-signal  ratio  at  the  receiver  output  will  accomplish  a 
certain  increase  in  usefulness  of  the  circuit. 

It  is  difficult  to  set  down  noise-to-signal  ratios  that  may  be  em- 
ployed to  distinguish  between  satisfactory  and  unsatisfactory  service. 
.Such  requirements  would  be  different  in  the  cases  of  telephone,  tele- 
graph and  broadcast  circuits.  They  would  also  depend  to  a  consider- 
able extent  upon  the  facilities  that  it  is  technically  and  economically 
reasonable  to  provide.  During  times  of  magnetic  disturbance  radio 
telephone  circuits  are  continued  in  service  when  noise  conditions  are 
very  appreciably  worse  than  would  be  tolerated  on  wire  telephone 
circuits.  In  this  emergency  situation  it  is,  of  course,  necessary  to 
maintain  service  on  the  radio  links  as  long  as  communication  can  be 
carried  on  with  a  reasonable  degree  of  satisfaction. 

Without  a  quantitative  definition  of  the  boundary  between  satis- 
factory and  unsatisfactory  service  in  terms  of  noise-to-signal  ratio  it 
is  possible  to  determine  from  an  analysis  of  past  operating  experience 
what  percentage  of  the  time  a  certain  circuit  was  unsatisfactory.  With 
such  information  available  it  would  be  useful  to  know  how  much  this 
percentage  could  be  reduced  by  the  application  of  transmission  im- 
provements. There  is  developed  below  a  form  of  "reliability" 
curve  that  makes  it  possible  to  estimate  approximately  the  efTect  of 
such  transmission  improvements  in  terms  of  decibels  upon  the  per- 
centage of  unsatisfactory  or  lost  circuit  time. 

As  a  background  for  the  following  discussion  it  will  be  helpful  to 
review  briefly  the  conditions  experienced  on  a  typical  short-wave 
circuit  and  the  way  in  which  these  are  related  to  the  present  analysis. 
For  example,  the  instability  of  short-wave  transmission  over  the  North 
Atlantic  path  is  well  known.  There  are  days  when  these  trans- 
atlantic short-wave  signals  are  remarkably  good  and  others  during 
times  of  magnetic  disturbance  when  they  are  exceptionally  poor. 
Between  these  two  extemes  is  a  wide  range  of  circuit  conditions.  The 
situation  is  illustrated  in  idealized  fashion  by  Fig.  1.  The  ordinates 
here  represent  average  noise-to-signal  ratios  as  measured  on  successive 
days  at  the  receiver  output  and  curve  A  of  Fig.  1  (a)  shows  how  this 
average  might  vary  over  an  interval  of  many  days.  A  certain  noise-to- 
signal  ratio  such  as  is  indicated  by  the  horizontal  line  B  might  be  speci- 
fied as  the  highest  value  tolerable  for  a  useful  circuit  according  to  some 
predetermined  standard.  Then  the  width  of  the  cross-hatched  inter- 
vals C  represents  the  lost  circuit  time. 

Fig.  1  (b)  is  the  same  as  1  (a)  except  that  here  a  transmission  im- 
provement of  X  db  has  been  applied  so  that  the  noise-to-signal  ratio 
at  the  receiver  output  is  on  all  days  reduced  x  db  and  the  curve  A  is 
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Fig.  1— Idealized  illustrations  of  (a)  the  day-to-day  variation  of  noise-to-signal 
ratio  and  its  effect  upon  lost  circuit  time,  {h)  the  effect  upon  lost  circuit  time  of  trans- 
mission improvements  and  (c)  the  effect  upon  lost  circuit  time  of  a  change  in  the 
maximum  tolerable  noise-to-signal  ratio. 

consequently  lowered  to  position  A'.  Assuming  the  noise-to-signal 
requirement  B  remains  the  same  the  lost  time  is  reduced  to  the  interval 
C.  If  instead  of  applying  a  transmission  improvement  we  increase 
the  tolerable  noise-to-signal  requirement  for  a  useful  circuit  or  degrade 
the  standard  requirement  by  x  db  in  the  case  of  Fig.  1  (a),  the  hori- 
zontal line  B  is  shifted  upward  x  db  as  shown  in  Fig.  1  (c)  and  the  lost 
time  corresponds  to  that  for  the  case  of  x  db  transmission  improvement 
in  Fig.  1  (b). 
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From  the  above  illustration  it  is  evident  that  if  we  know  how  the 
noise-to-signal  ratio  varies  on  a  given  circuit  with  a  certain  terminal 
arrangement,  it  is  possible  to  determine  the  percentage  lost  circuit 
time  for  an  improved  or  degraded  system,  the  relative  effectiveness  of 
which  can  be  expressed  in  terms  of  db  above  or  below  the  initial 
arrangement. 

Transatlantic  Noise-to-Signal  Data 

As  a  part  of  the  regular  operating  routine  on  the  various  trans- 
oceanic short-wave  radio  telephone  circuits  associated  with  the  Bell 
System,  measurements  of  noise  at  the  receiver  output  are  made  at  ap- 
proximately half-hourly  intervals.  These  measurements  are  made  at  a 
point  in  the  voice-frequency  wire  circuits  where  the  speech  volume  is 
normally  held  constant.  They  are  therefore  effectively  measurements 
of  noise-to-signal  ratio  although  not  expressed  in  such  terms.  The 
instrument  used  is  known  as  the  Western  Electric  6-A  Transmission 
Measuring  set.^  In  the  following  discussion  measurements  made 
with  this  instrument  are  referred  to  as  "6-A  Noise." 

In  Fig.  2  (a)  the  upper  curve  shows  the  percentage  distribution  of 
6-A  noise  values  measured  at  New  York  during  1930  on  an  18-mc. 
London-New  York  circuit.  These  and  the  curves  to  follow  are  plotted 
to  an  arithmetical  probability  scale.  The  year  1930  was  severely 
disturbed  and  from  the  radio  transmission  standpoint  is  perhaps 
representative  of  the  peak  of  the  well-known  eleven-year  magnetic 
disturbance  cycle.  Since  the  performance  of  a  two-way  telephone 
circuit  depends  upon  transmission  conditions  in  the  two  directions  the 
upper  curve  of  Fig.  2  (a)  does  not  accurately  portray  the  full  effect  of 
the  noise  factor  upon  the  circuit.  The  lower  curve  in  this  figure 
represents  the  distribution  of  the  higher  of  simultaneous  ^  6-A  noise 
values  measured  at  New  York  and  London.  The  small  difference 
between  the  two  distributions  is  evidence  that  the  most  important 
influence — that  of  magnetic  disturbance — affects  the  transmission  in 
both  directions  coincidentally. 

It  will  be  noted  that  these  6-A  noise  curves  of  Fig.  2  (a)  and  of  the 
following  figures  bend  downward  in  the  region  of  low  6-A  noise  and 
upward  where  the  6-A  noise  becomes  high.  There  is  reason  to  believe 
that  these  bends  are  introduced  by  the  terminal  equipment  and  that 
the  actual  noise  distribution  of  interest  here  approaches  a  straight 
line  on  the  probability  scale  used,  or  in  other  words  is  a  fortuituous 

'  L.  Espenschied,  "Methods  for  Measuring  Interfering  Noises,"  Proc.  I.R.E.,  Vol. 
19,  p.  1951,  November,  1931. 

^  Measurements  less  than  seven  minutes  apart  at  the  two  ends  of  the  circuit  were 
treated  as  "simultaneous"  in  this  analysis. 
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Fig.  2 — Percentage  distribution  of  6-A  noise  measurements  made  on  London  to 
New  York  short-wave  circuits  during  1930  on  (a)  one  18-megacycle  circuit  and  in 
(&)  each  of  four  frequency  ranges. 

type  of  distribution.  The  bend  at  the  low  noise  end  is  apparently  due 
to  noise  transmitted  from  the  distant  terminal  and  that  introduced 
by  the  local  receiver.  These  sources  of  noise  are  approximately  con- 
stant and,  when  the  atmospheric  noise  is  very  low,  become  the  limiting 
factors.  The  bend  at  the  high  noise  end  of  the  curve  is  probably  due 
to  the  action  of  the  automatic  volume  control  in  the  receiver.  This 
control  normally  holds  the  speech  volume  approximately  constant, 
but  when  noise  is  exceedingly  high  the  noise  in  itself  reduces  the  re- 
ceiver gain  and  depresses  both  the  noise  and  signal  output.  Since  at 
such  times  speech  volume  cannot  be  accurately  checked,  the  measure- 
ment is  no  longer  an  accurate  indication  of  noise-to-signal  ratio  and 
the  curve  reaches  a  limiting  value.  Evidence  confirming  the  inaccu- 
racy of  the  6-A  noise  readings  at  the  high  and  low  noise  extremes  will  be 
discussed  later  in  connection  with  the  observed  distribution  of  high- 
frequency  signal  intensity  values. 

In  Fig.  2  (b)  are  shown  distribution  curves  for  6-A  noise  values 
measured  at  New  York  during  1930  on  several  of  the  London  to  New 
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York  circuits  within  the  different  frequency  ranges  indicated.  All  of 
these  curves  have  roughly  the  same  mid-range  slope.  Incidentally,  if 
correction  is  made  for  relative  transmitter  power  and  antenna  gains 
the  horizontal  separation  is  a  direct  comparison  of  transmission  effec- 
tiveness on  the  different  frequencies  within  their  period  of  use.  When 
such  a  correction  is  applied  to  the  curves  of  Fig.  2  (b)  the  mid-range 
separation  becomes  less  than  3  db,  indicating  that  with  equal  trans- 
mitter power,  antenna  gains  and  other  terminal  improvements  the 
average  6-A  noise  distribution  is  substantially  the  same  for  all  times 
of  the  day  when  suitable  frequencies  are  employed  to  cover  the  diurna 
range  of  transmission  requirements. 

Comparison  of  1930,  1932  and  1934 

As  previously  mentioned,  short-wave  transmission  conditions  were 

severely  disturbed  during  the  year  1930.     By  1932,  conditions  had 

become  much  more  favorable  and  1934  was  perhaps  typical  of  a  quiet 

year.     In  Fig.  3  (a)  are  included  6-A  noise  distribution  curves  for  the 
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Fig.  3 — Percentage  distribution  curves  of  6-A  noise  measurements  made  during 
1930,  1932  and  1934  on  (a)  all  London  to  New  York  short-wave  circuits  and  on  (6) 
all  Buenos  Aires  to  New  York  circuits. 
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London-New  York  short-wave  telephone  circuits  during  1930,  1932 
and  1934.  These  three  curves  have  very  nearly  the  same  mid-range 
slope,  showing  that  the  general  character  of  the  distribution  was  the 
same  over  the  wide  range  of  transmission  conditions  experienced 
within  this  interval.  To  those  familiar  with  transatlantic  short-wave 
transmission  during  1930,  the  year  1934  would  rate  as  comparatively 
undisturbed,  and  yet  these  curves  indicate  that  for  an  equal  percentage 
of  measurements  or,  as  will  be  apparent  later,  for  equal  lost  circuit 
time  during  these  two  years  the  difference  in  required  transmission 
effectiveness  would  be  only  13  or  14  db. 

Fig.  3  (b)  shows  that  there  was  relatively  small  db  separation  be- 
tween the  6-A  noise  distributions  for  1930,  1932  and  1934  on  the  low 
latitude  South  American  circuits  but  that  the  position  of  the  curves 
is  reversed,  1930  being  better  than  1934.  An  examination  of  field 
intensit>'  data  for  these  years  indicates  that  this  is  due  to  a  change  in 
noise  rather  than  to  a  change  in  signal  transmission. 

Fig.  4  (a)  compares  the  distributions  for  the  circuits  Buenos  Aires- 
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Fig.  4 — Percentage  distribution  curves  of  6-A  noise  measurements  made  on  (a) 
all  London  to  New  York,  and  Ruenos  Aires  to  New  York  short-wave  circuits  during 
1930  and  on  (/;)  all  London  to  New  York,  Buenos  Aires  to  New  York,  and  Honolulu 
to  San  Francisco  short-wave  circuits  during  1932  and  1934. 
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New  York  and  London-New  York  for  the  year  1930.  Again  the 
mid-range  slope  as  shown  by  the  extended  broken  lines  is  about  the 
same.  The  horizontal  separation  of  roughly  25  db  illustrates  the 
much  more  favorable  noise-to-signal  conditions  on  the  low  latitude 
circuit,  since  the  transmitter  power  and  antenna  gains  were  substan- 
tially the  same  in  the  two  cases. 

In  Fig.  4  (b)  are  shown  6-A  noise  distribution  cur\cs  for  the  Hono- 
lulu-San Francisco,  Buenos  Aires-New  York  and  London-New  ^'()rk 
circuits  representing  conditions  during  1932  and  1934.  The  mid- 
range  slope  is  remarkably  similar  for  all  six  curves.  A  comparison  of 
these  curves  illustrates  the  high  degree  of  reliability  obtained  on  the 
circuit  to  Honolulu. 

In  Figs.  4  (a)  and  (b)  the  data  for  the  low  latitude  paths  cover  about 
9  hours  of  daylight  operation  as  compared  with  24-hour  full  time 
operation  for  the  transatlantic  case.  Although  data  are  not  available 
for  a  24-hour  comparison  some  available  experience  indicates  that  such 
a  comparison  would  not  have  altered  the  separation  between  the  curves 
shown  very  appreciably.  After  all,  the  interest  here  is  mainly  in  the 
slopes  of  these  curves,  and  there  is  no  reason  to  believe  that  the  slopes 
A\()uld  be  aflfected. 

Field  Intensity  Distribution 

So  far  the  discussion  has  shown  that  over  the  dependable  portion 
of  the  6-A  noise  distribution  curves  representative  of  both  different 
circuits  and  different  years  the  slopes  appear  to  be  nearly  the  same. 
If  this  is  the  case  one  curve  may  be  constructed  to  represent  approxi- 
mately the  effect  of  transmission  improvement  or  degradation  upon 
the  performance  of  any  long  range  short-wave  circuit.  The  useful 
range  of  this  curve  is,  however,  limited  by  the  dependable  range  of 
the  6-A  noise  measurements.  To  extend  the  useful  range  of  the  curve 
in  order  to  estimate  the  effect  of  large  changes  in  transmission  im- 
provement it  is  necessary  to  resort  to  a  correction  for  the  bend  at  the 
high  noise  end.  Correction  at  the  low  noise  end  would  concern  the 
less  important  case  of  transmission  degradation.  Although  it  is  pos- 
sible to  apply  an  approximate  correction  for  the  above-mentioned 
effect  of  the  automatic  gain  control  upon  the  bend  at  the  high  noise 
end  it  is  probably  more  accurate  to  consider  the  distribution  of  field 
intensity  data  at  these  times  of  high  noise-to-signal  ratio. 

The  limiting  conditions  on  short  waves  are  predominantly  those 
accompanying  magnetic  disturbances  when  the  signal  fields  drop  to 
\ery  low  values.  The  indications  are  that  the  atmospheric  noise 
fields  also  decrease  to  a  less  noticeable  extent  during  these  disturb- 
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ances,*  so  that  if  this  were  the  only  effect  to  be  considered  the  6-A 
noise  which  is  dependent  upon  the  noise-to-signal  ratio  would  increase 
slowly-  But  first  circuit  and  tube  noise  in  the  receiver  are  probably 
the  real  limitation  during  times  of  disturbance.  If  this  high-frequency 
first  circuit  noise  remains  constant  and  the  field  intensity  decreases  the 
()-A  noise  will  increase  in  opposite  proportion.  Therefore  it  ma\'  be 
assumed  that  the  slopes  of  the  corrected  6-A  noise  curves  in  the  high 
noise  region  will  correspond  to  the  slopes  of  the  field  intensity  distri- 
bution curves.  In  a  conservative  estimate  it  is  reasonable  to  assume 
that  this  is  the  case  and  that  although  the  field  intensity  falls  during 
times  of  magnetic  disturbance  the  high-frequency  noise  will  not 
decrease. 

In  correcting  the  less  important  low  noise  ends  of  the  6-A  noise 
curves,  use  of  the  field  intensity  distribution  is  not  so  easily  justified. 
It  may  be  reasoned,  however,  that  here  atmospheric  noise  is  again 
low  compared  to  receiver  noise  but  due  in  this  case  to  a  scarcity  of 
electrical  storms  within  favorable  transmission  distance  from  the  point 
of  reception.  Then  the  corrected  6-A  noise  distribution  at  the  low 
noise  end  would  also  correspond  in  shape  to  the  field  intensity  distribu- 
tion. For  these  reasons  it  is  assumed  in  the  absence  of  better  data 
that  the  field  intensity  distribution  may  be  used  to  correct  for  the 
bends  that  occur  at  both  ends  of  the  6-A  noise  distribution  curves. 
Fairly  dependable  field  intensity  data  are  available  over  a  much  wider 
decibel  range  than  is  accurately  covered  by  the  6-A  noise  measurement. 

In  Fig.  5  is  shown  by  the  full  line  e-c-d-f  a  form  of  noise-to-signal 
distribution  which  is  conservatively  representative  of  that  experienced 
on  several  short-wave  radio  telephone  circuits  as  described  above. 
The  horizontal  decibel  scale  in  this  figure  is  arbitrarily  referred  to  the 
midpoint  of  the  distribution  curve.  The  broken  line  extension  d-b 
represents  the  decibel  distribution  of  the  lowest  15  per  cent  of  the  field 
intensity  values  as  experienced  during  the  years  1930  and  1932.  The 
broken  line  extension  a-c  similarly  represents  the  distribution  of  the 
highest  30  per  cent.  The  reason  for  using  the  transatlantic  data  is 
that  there  are  many  more  measurements  available  in  the  low  field 
region  than  there  are  for  transmission  over  less  disturbed  paths.  The 
available  data  indicate  that  if  suitable  frequencies  are  used  at  all  times 
of  the  day  the  distribution  of  field  intensities  within  the  lowest  15 
per  cent  and  the  highest  30  per  cent  has  roughly  the  same  average 
slope  during  different  years  and  on  different  circuits. 

'  R.  K.  Potter,  "High  Frequency  Atmospheric  Noise,"  Proc.  I.R.E.,  Vol.  19, 
pp.  1731-1765,  October,  1931. 
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Circuit  Reliability  Curve 


The  corrected  form  of  the  noise-to-signal  distribution  curve  rep- 
resented by  the  line  a-c-d-b  in  Fig.  5  may  by  a  simple  translation  be 
put  in  terms  of  percentage  lost  circuit  time  versus  transmission  im- 
provement in  decibels  where  noise  rather  than  quality  degradation  or 
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NOISE   TO  SIGNAL   RATIO  IN   DECIBELS  (ARBITRARY  REFERENCE) 

Fig.  5— Correction  of  assumed  6-A  noise  distribution  curve  where  it  is  influenced  by 
terminal  equipment  effects. 

equipment  failures  interrupts  continuity  of  service.  To  start  this 
translation,  take,  for  example,  the  point  at  which  50  per  cent  of  the 
noise-to-signal  values  are  greater  and  50  per  cent  are  less  than  a  value 
given  on  the  horizontal  scale.     This  is  0  db  and  the  value  in  itself  has 
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no  significance  except  as  an  arbitrary  reference  point  on  this  scale. 
A  vertical  line  is  erected  through  this  point  as  shown  by  g-h.  If,  on 
a  certain  short-wave  circuit,  conditions  are  unsatisfactory  50  per  cent 
of  the  time,  the  effect  of  10  db  improvement  upon  this  percentage 
may  be  determined  by  shifting  the  curve  a-c-d-b  of  Fig.  5  ten  db  to 
the  left  and  reading  the  percentage  value  on  the  vertical  scale  opposite 
the  intersection  of  the  vertical  reference  line.  It  will  be  remembered 
from  previous  discussion  that  such  a  shift  of  the  6-A  noise  curve 
toward  lower  values  accompanies  a  corresponding  db  transmission 
improvement.  If  50  per  cent  of  the  time  conditions  were  unsatis- 
factory in  the  former  case,  they  would  be  unsatisfactory  only  some  25 
per  cent  of  the  time  for  the  same  tolerable  noise  condition  and  10  db 
improvement.  That  is,  the  lost  circuit  time  has  been  reduced  from 
50  to  25  per  cent  by  10  db  transmission  improvement. 

By  shifting  the  curve  a-c-d-b  of  Fig.  5  various  amounts  to  the  right 
and  left  and  tabulating  the  percentages  obtained  as  described  above, 
a  generalized  "reliability"  curve  may  be  plotted  which  shows  the 
transmission  improvement  required  to  reduce  the  lost  circuit  time  by 
any  desired  amount.  Similarly,  if  we  know  the  percentage  lost  time 
on  two  circuits  their  transmission  performance  may  be  compared  on  a 
decibel  basis  by  determining  the  horizontal  db  separation  between 
these  two  lost  time  values  on  the  "reliability"  curve. 

A  "reliability"  curve  of  the  kind  described  above  is  shown  in  Fig.  6. 
Although  it  is  obviously  unsafe  to  conclude  on  the  basis  of  the  data 
presented  that  this  curve  is  accurately  representative  of  all  long- 
range  short-wave  circuits  and  circuit  conditions,  it  serves  to  indicate 
the  order  of  service  improvement  that  will  be  afforded  within  the 
practical  range  of  transmission  improvement.  For  example,  to  reduce 
the  lost  or  unsatisfactory  circuit  time  from  50  per  cent  to  25  per  cent 
appears  to  require  about  10  db  transmission  improvement  on  any 
long-range  short-wave  circuit.  Starting  with  a  50  per  cent  lost  time 
condition  and  applying  improvements  in  10  db  steps  the  successive 
percentages  of  lost  circuit  time  would  be  roughly  25,  10,  2.5,  0.7  and  0.1. 

Changes  in  the  standards  of  tolerable  service  may  be  treated  as 
equivalent  to  a  change  in  the  effectiveness  of  transmission  as  described 
earlier.  Thus  in  terms  of  a  high  grade  service  the  lost  circuit  time 
might  for  example  be  50  per  cent.  For  a  grade  of  service  10  db  lower 
than  this  the  lost  circuit  time  would  be  reduced  to  25  per  cent.  The 
effect  is  equivalent  to  improving  the  transmission  10  db  for  the  same 
standard  of  service. 
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Duration  of  Interruptions 

In  the  traffic  operation  of  radio  telephone  circuits  we  are  concerned 
in  a  practical  way  with  the  effect  of  transmission  improvement  upon 
the  duration  of  intervals  when  circuits  are  unsatisfactory  as  well  as 
upon  the  percentage  lost  or  unsatisfactory  circuit  time.  Obviously, 
the  reduction  of  lost  time  must  be  accompanied  by  a  reduction  of  the 
length  of  unsatisfactory  intervals,  or  what  may  be  termed  interruptions 
to  service.  It  is  of  interest  to  know  how  the  distribution  of  inter- 
ruptions of  various  lengths  may  be  expected  to  vary  with  improve- 
ment of  a  circuit. 

In  Fig.  7  the  upper  curve  shows  how  the  number  of  circuit  interrup- 
tions for  the  year  as  indicated  by  the  ordinate  value  varied  with  hours 
duration  on  the  transatlantic  short-wave  radio  telephone  circuits 
during  1930.^  This  upper  curve  was  obtained  from  traffic  data.  In 
determining  the  points  shown  it  was  necessary  to  exclude  all  interrup- 
tions of  uncertain  length  that  occurred  at  the  beginning  or  end  of  the 
periods  when  circuits  were  in  use  so  that  only  the  slope  of  this  curve  is 
significant. 

From  the  field  intensity  measurements  obtained  regularly  on  the 
transatlantic  circuits  it  is  possible  to  obtain  a  useful  check  on  the 
traffic  experience.  For  example,  the  interruptions  may  be  defined  as 
the  intervals  of  time  during  which  no  signal  could  be  heard  by  beating 
in  the  carrier  received  on  a  short-wave  measuring  set  to  an  audible 
tone  with  a  local  oscillation.  By  this  means  signals  30  db  or  more 
below  those  required  for  a  barely  satisfactory  radio  telephone  circuit 
can  be  heard.  In  Fig.  7  the  lower  curve  shows  the  distribution  of 
interruptions  based  upon  such  a  standard.  This  curve  has  sub- 
stantially the  same  logarithmic  slope  as  the  one  obtained  from  traffic 
experience.  That  is,  the  slope  remains  the  same  when  the  conditions 
defining  the  point  of  interruption  are  shifted  by  perhaps  30  or  40  db. 

The  summation  of  all  interruptions  shown  by  curves  such  as  those 
in  Fig.  7  should  agree  with  the  observed  lost  circuit  time.  If  it  is 
assumed,  as  the  rather  meager  evidence  cited  above  appears  to  indicate, 
that  the  logarithmic  distribution  of  the  interruptions  remains  constant 
for  different  circuit  conditions,  it  is  possible  to  show  how  the  probable 
number  of  interruptions  of  various  lengths  will  vary  with  transmission 
improvement.  With  the  slope  shown  the  position  of  curves  corre- 
sponding to  different  db  improvements  is  established  by  the  reliability 
curve  of  Fig.  6  and  the  requirement  that  the  summation  of  interrup- 
tions equal  the  lost  time.     Curves  obtained  in  this  manner  are  shown 

^  Interruptions  during  other  years  have  been  too  infrequent  to  provide  depend- 
able data. 
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in  Fig.  8.  As  for  the  generalized  reliability  curve  of  Fig.  6,  the 
reference  point  adopted  is  50  per  cent  lost  circuit  time.  Consequently 
the  curve  of  Fig.  8  marked  "50  per  cent  lost  circuit  time"  is  also  des- 
ignated as  "0  db  Transmission  Improvement."     Knowing  the  per- 
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centage  lost  time  experienced  on  a  certain  circuit  the  position  of  the 
corresponding  interruption  curve  in  Fig.  8  may  be  determined  by 
interpolation.     The  effect  of,  say,  10  db  transmission  improvement 
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upon  the  probable  interruptions,  is  determined  by  shifting  this  curve 
10  db  to  the  left  as  measured  by  the  indicated  db  spacing  between 
curves. 

It  should  be  remembered  that  estimates  based  upon  Fig.  8  are  prob- 
ably very  approximate  but  the  curves  will  at  least  serve  to  indicate 
the  trend  of  improvement  effects. 
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spontaneous  Resistance  Fluctuations  in  Carbon 
Microphones  and  Other  Granular  Resistances 

By  C.  J.  CHRISTENSEN  and  G.  L.  PEARSON 

Voltage  fluctuations  which  occur  in  resistance  elements  of  the  granular 
type  when  a  direct  current  is  flowing  have  been  measured  in  the  granular 
carbon  microphone,  commercial  grid  leaks,  and  sputtered  or  evaporated  metal 
films.     The  results  can  be  experessed  by  the  formula 

V)  =  KVR^  log  {F2/F1), 

where  Vc^  is  the  mean  square  fluctuation  voltage,  V  is  the  d.-c.  voltage  across 
the  resistance  R,  a  and  0  are  constants  having  values  of  about  1.85  and  1.25, 
respectively,  and  F2  and  Fi  are  the  limits  of  the  frequency  range  over  which 
the  fluctuation  voltage  is  measured.  The  constant  K  depends,  among  other 
things  on  the  temperature,  the  surrounding  medium,  and  the  dimensions 
and  material  of  the  resistance  element;  for  a  commonly  used  carbon  trans- 
mitter at  ordinary  operating  conditions  its  value  is  about  1.3  X  10~i'. 

The  spontaneous  voltage  fluctuations  and  the  signal  due  to  acoustic  modu- 
lation are  affected  in  almost  an  equivalent  manner  by  the  applied  d.-c.  voltage 
which  suggests  that  the  two  effects  arise  from  the  same  type  of  mechanism, 
namely  a  fluctuating  resistance  at  the  points  of  contact  between  granules. 
Experiment  shows  that  although  the  acoustic  signal  produces  a  resistance 
modulation  which  is  in  phase  at  all  contacts  the  spontaneous  resistance 
fluctuations  are  completely  random. 

On  the  assumption  that  a  region  of  secondary  conduction,  wherein  the  re- 
sistance fluctuation  lies,  surrounds  each  area  of  primary  conduction  as  postu- 
lated in  recent  contact  theory  a  value  of  /3  consistent  with  experiment  has  been 
deduced.  On  the  further  assumptions  that  thermal  energy  produces  the 
mechanical  fluctuations  and  that  the  equipartition  law  governs  the  distri- 
bution of  energy  between  oscillators  the  observed  frequency  distribution 
follows. 

Introduction 

AX /"HEN  a  direct  current  is  passed  through  certain  types  of  re- 
*  ^  sistance  elements  a  small  potential  fluctuation  between  the 
terminals  of  the  resistance  can  be  observed  in  addition  to  that  caused 
by  the  thermal  agitation  of  electric  charge.  The  resistances  in  which 
this  effect  is  particularly  noted  are  granular  carbon  microphones  and 
commercial  grid  leaks  which  are  granular  in  nature,  such  as  sputtered 
or  evaporated  metal  films,  and  any  of  a  number  of  composite  materials 
containing  carbon  in  a  finely  divided  state.  If  such  a  resistance  ele- 
ment is  in  a  current-carrying  circuit  associated  with  a  telephone  re- 
ceiver or  loud  speaker,  particularly  when  amplification  is  present,  a 
steady  hissing  noise  which  sounds  like  that  due  to  shot  effect  or  thermal 
agitation  of  electric  charge  is  heard.  It  is  this  noise  which  sets  a 
practical  limit  to  the  use  of  the  carbon  microphone  in  sound  fields  of 
low  intensity,  and  of  commercial  grid  leaks  in  circuits  carrying  direct 
current  and  working  at  low  signal  levels. 
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The  resistance  of  a  granular  conductor  has  been  shown  experi- 
mentally to  He  almost  entirely  within  very  small  volume  elements  in  the 
regions  of  the  contact  areas.*  It  is  our  hypothesis  that  there  exist 
minute  fluctuations  of  resistance  in  the  region  of  contact,  and  when 
such  an  element  carries  direct  current  a  potential  fluctuation  between 
the  terminals  can  be  observed.  Accordingly  we  propose  for  this 
phenomenon  the  term  "contact  noise." 

In  a  study  of  the  electrical  disturbances  in  a  carbon  transmitter 
Kawamoto  2  found  that  in  addition  to  "carbon  burning,"  which  is  a 
sharp  crackling  noise  sometimes  present  in  the  carbon  transmitter 
when  the  voltage  across  individual  contacts  is  of  the  order  of  0.5  volt  or 
greater,^  there  is  a  continuous  rushing  sound  which  is  always  present 
no  matter  how  well  the  transmitter  is  shielded  from  external  dis- 
turbances. Kawamoto  applied  the  term  "carbon  roar"  to  this 
phenomenon.  Frederick  *  in  discussing  the  disturbances  in  the  carbon 
transmitter  states  that  the  noise  power  is  proportional  to  the  square  of 
the  direct  current  passing  through  the  transmitter.  More  recently 
Otto  ^ — ^who  has  been  working  on  this  subject  contemporaneously  with 
ourselves — has  reported  the  results  of  an  extended  investigation  of  this 
phenomenon.  The  present  report  parallels  to  some  extent  the  study  of 
Otto  but  in  addition  new  aspects  of  the  phenomenon  have  been  in- 
vestigated, more  accurate  data  have  been  obtained,  and  the  conclusions 
drawn  from  these  experimental  results  are  fundamentally  different 
from  those  of  Otto. 

Electrical  disturbance  in  grid  leaks,  which  becomes  evident  with 
the  passage  of  current,  was  first  reported  by  Hull  and  Williams  ^  who 
observed  the  phenomenon  in  resistances  formed  by  an  India  ink  line. 
Preliminary  reports  have  since  been  published  concerning  such  noise  in 
thin  metallic  films  on  glass.''  The  observations  of  Otto  ^  were  also 
extended  to  fine  carbon  wires  and  copper-oxide  resistances.  More 
recently  Meyer  and  Thiede  ^  have  investigated  the  noise  in  resistances 
consisting  of  thin  films  of  carbon  on  a  refractory  base. 

We  have  performed  noise  measurements  on  each  of  the  types  of 
resistance  elements  mentioned  above  and  the  experimental  results 

»  F.  S.  Goucher,  Jour.  Frmtklin  Inst.  217,  407  (1934);  Bell  Sys.  Tech.  Jour.  13,  163 
(1934). 

*  T.  S.  Kawamoto,  Unpublished  Report,  Engineering  Division,  Western  Electric 
Company,  April,  1919. 

'This  disturbance  undoubtedly  has  its  origin  in  the  heat  generated  at  the  carbon 
contact  by  the  passage  of  current. 

*  H.  A.  Frederick,  Bell  Telephone  Quarterly  10,  164,  July,  1931. 

^  R.  Otto,  Hochfrequenztechnik  und  Elektroakuslik  45.  1S7  (1935).  J 

8  A.  W.  Hull  and  N.  H.  Williams,  Phys.  Rev.  25,  173  (1925).  J 

^  G.  W.  Barnes,  Jour.  Franklin  Inst.  219.  100  (1935).  J 

»  Erwin  Meyer  and  Heinz  Thiede,  E.N.T.  12,  237  (1935).  ■ 
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which  are  presented  in  this  paper  indicate  that  the  noise  observed  in 
each  case  is  of  the  same  nature  and  is  traceable  to  the  existence  of 
contacts  between  granules  or  perhaps  granular  boundaries. 

Apparatus 

The  experimental  arrangement  used  in  the  measurements  to  be 
described  here  is  given  in  schematic  form  in  Fig.  1.  The  system  in- 
cludes the  input  circuit,  a  high  gain  amplifier,  appropriate  filters, 
attenuator  and  output  measuring  device. 

The  input  circuit  consists  of  the  resistance  under  test,  a  battery  for 
supplying  the  direct  current,  a  potentiometer  for  measuring  resistance 
and  voltage,  a  standard  signal  oscillator  for  calibration  purposes  and 
appropriate  resistances  and  condensers  for  coupling  to  the  amplifier. 
In  some  cases  an  input  transformer  having  a  high-turns  ratio  was  also 
required  in  order  to  raise  the  signal  level  above  the  amplifier  noise  level. 
The  granular  resistance  element  was  shielded  from  acoustical,  me- 
chanical and  electrical  shocks  by  suspending  it  with  rubber  bands 
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Fig.  1 — Schematic  amplifier  circuit  for  measuring  contact  noise  in  granular  resistance 

elements. 

inside  a  tightly  sealed  iron  box  which  was  lined  with  alternate  layers  of 
hair  felt  and  >^-inch  sheet  lead.  The  remaining  parts  of  the  input 
circuit  were  also  carefully  shielded. 

The  high-gain  amplifier  consists  of  two  separate  resistance  coupled 
units,  each  containing  three  stages.  Each  unit  is  so  designed  and 
shielded  that  the  effect  of  external  disturbances  is  eliminated.  The 
total  gain  obtainable  is  about  165  db,  with  the  frequency  response  uni- 
form to  within  2  db  from  10  cycles  to  15,000  cycles.  In  most  of  the 
measurements  described  here,  however,  a  filter  which  transmitted 
only  those  frequencies  above  100  cycles  was  inserted  between  the  first 
amplifier  unit  and  the  attenuating  network. 

The  gain  of  the  amplifying  system  could  be  varied  in  steps  of  20  db 
by  means  of  interstage  potentiometers.  In  addition,  a  600-ohm 
attenuator  having  a  range  of  63  db  in  steps  of  1  db  was  placed  between 
the  filter  circuit  and  the  second  amplifier  unit.  The  output  measuring 
instrument  was  a  600-ohm  vacuum  thermocouple  and  microammeter. 
The  deflection  of  the  meter  was  closely  proportional  to  the  mean  square 
voltage  applied  to  the  couple.     Individual  noise  measurements  were 
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made  by  adjusting  the  attenuation  so  as  to  bring  the  deflection  of  the 
microammeter  as  near  mid-scale  as  possible.  Fractions  of  a  db  were 
estimated  by  means  of  the  deviation  from  the  standard  mid-scale 
reading.  Thus  what  was  measured  in  each  case  is  the  insertion  loss 
necessary  to  produce  a  standard  electrical  output. 

Noise  as  a  Function  of  Applied  d.-c.  Voltage 

The  contact  noise  in  several  different  types  of  granular  resistance 
elements  was  measured  as  a  function  of  the  applied  d.-c.  voltage,  all 
other  variables  such  as  resistance,  frequency  range,  temperature,  etc., 
being  held  constant.  The  first  of  these  measurements  to  be  described 
is  that  obtained  by  using  a  standard  handset  telephone  transmitter. 
The  circuit  used  for  coupling  to  the  high-gain  amplifier  is  shown  in  the 
insert  of  Fig.  2,  the  essential  parts  being  an  input  transformer  having  a 
high-turns  ratio,  a  d.-c.  voltage  supply,  and  a  standard  a.-c.  signal 
generator.  The  resistance  of  the  carbon  transmitter  was  about 
50  ohms. 

The  results  of  the  measurement  are  shown  in  Fig.  2  where  mean 
square  contact  noise  voltage  is  plotted  as  ordinate  and  the  d.-c.  voltage 
directly  across  the  transmitter  is  plotted  as  abscissa,  the  scale  being 
logarithmic  in  each  case.  Measurements  were  made  as  the  transmitter 
voltage  was  varied  from  0.00145  to  4.5  volts.  This  is  the  greatest 
possible  voltage  range  in  which  contact  noise  can  be  observed  in  this 
instrument  since  the  contact  noise  is  masked  at  the  higher  voltages  by 
carbon  burning  and  at  the  lower  voltages  by  the  thermal  noise  of  the 
transmitter  resistance.  Thus  the  total  noise  at  0.00145  volt  is  only 
slightly  above  thermal  noise  and  the  measured  value  consists  of  thermal 
plus  contact  noise.  The  two  effects  have  been  calculated  separately 
and  the  latter  plotted  as  a  cross.  Using  this  method  of  plotting  it  is 
seen  that  there  is  a  straight  line  relationship  between  contact  noise  and 
voltage  over  the  entire  lower  range.  These  experimental  data  can  be 
accurately  represented  by  the  equation 

V}  =  Const.  F«,  (1) 

where  V^  is  the  mean  square  contact  noise  voltage,  V  is  the  d.-c. 
voltage  across  the  transmitter,  and  a  is  a  numerical  constant  having  in 
this  case  the  value  1.85. 

By  this  procedure  the  contact  noise  in  a  number  of  types  of  carbon 
transmitters,  filled  with  carbons  of  various  origins,  was  measured  as  a 
function  of  voltage.  In  each  case  the  relationship  given  by  Eq.  (1) 
was  followed  very  closely  over  a  wide  range  of  voltages.     The  value  of 
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a  varied  slightly  from  cell  to  cell,  the  extreme  values  being  1.75  and  1 .07 
with  an  average  of  about  1.85. 

Figure  3  gives  the  results  of  alternate  measurements  of  contact  noise 
and  acoustic  modulation  performed  on  a  particular  telephone  trans- 
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Fig.  2 — The  mean  square  contact  noise  voltage  in  a  standard  carbon  trans- 
mitter as  a  function  of  the  d.-c.  voltage  on  the  instrument.  The  noise  level  of  the 
amplifier  and  the  thermal  noise  level  of  the  transmitter  are  indicated. 


mitter.  The  acoustic  field  was  of  constant  frequency  and  was  supplied 
by  an  accurately  controlled  oscillator  and  "artificial  mouth."  The 
sound  field  was  of  such  intensity  that  when  the  transmitter  output  was 
measured  the  background  noise  gave  only  an  inappreciable  part  of  ihe 
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whole  energy.  In  this  figure  the  abscissae  represent  the  d.-c.  voltage 
directly  across  the  transmitter,  the  scale  being  logarithmic,  and  the 
ordinates  represent  mean  square  contact  noise  or  acoustic  signal  voltage 
plotted  in  db  above  an  arbitrary  zero  level.  The  experimental  plots 
for  both  signal  and  noise  are  straight  lines  but  of  .slightly  different  slope. 
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Fig.  3 — The  mean  square  contact  noise  and  signal  voltages  in  a  standard  carbon 
transmitter  as  a  function  of  the  d.-c.  voltage  on  the  instrument.  The  signal  was 
obtained  from  a  constant  intensity  sound  field. 

Analysis  of  the  data  shows  that  the  mean  square  signal  voltage  due 
to  acoustic  modulation  is  accurately  proportional  to  d.-c.  transmitter 
voltage  squared  while  the  noise  curve  fixes  the  value  of  a  at  about  1.85. 
In  the  case  of  the  signal  the  square  relationship  is  to  be  expected  since 
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the  sound  field  produces  a  constant  resistance  modulation  at  the  points 
of  contact  between  carbon  granules  and  the  granular  aggregate  obeys 
ohms  law  over  the  entire  voltage  range.  The  fact  that  the  noise 
and  the  signal  follow  so  nearly  the  same  relationship  indicates  that  the 
noise  also  arises  from  resistance  modulation  at  the  points  of  contact 
between  carbon  granules.  Since  a  is  slightly  less  than  2,  however,  the 
noise  mechanism  is  not  entirely  independent  of  the  applied  voltage. 

Noise  as  a  function  of  applied  voltage  was  also  measured  in  single 
contacts  between  carbon  particles.  For  these  observations  a  cantilever 
bar  device  was  used  in  which  the  contact  can  be  rigidly  fixed  and 
manipulated  at  will.     This  apparatus,  shown  in  Fig.  4,  consists  of  a 


3 


-A^ 


m\\\m 


3® 


Fig.  4 — Diagram  of  cantilever  bar  device  for  producing  small  contact  displacements. 
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cantilever  bar  A  iiUejjral  with  a  massive  L-shaped  base,  the  entire 
device  having  been  milled  from  a  single  piece  of  steel.  A  given  dis- 
placement of  the  graduated  screw  B  produces  a  greatly  diminished 
displacement  of  the  movable  electrode  Ci.  The  dimensions  of  the  bar 
were  so  chosen  that  contact  displacements  of  the  order  of  1  X  10"^ 
cm.  could  be  produced.  The  motion  of  Ci  is  made  strictly  linear  by 
means  of  the  pivoted  rod  D  and  any  slack  motion  is  eliminated  by  the 
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t  ig.  5 — The  mean  square  contact  noise  voltage  in  a  single  carbon  contact  as  a  function 
of  the  applied  voltage.     The  contact  resistance  was  held  constant  at  76  ohms. 

spring  E.  The  contact  is  initially  adjusted  by  the  graduated  screw  F 
on  which  the  stationary  electrode  C2  is  mounted.  Ci  consisted  of  a  flat 
polished  disk  of  carbon  like  that  used  in  the  desk  set  transmitter,  while 
Ci  w^as  a  composite  carbon  spheroid  clamped  securely  between  two 
gold  plated  jaws.  Both  the  carbon  plate  and  the  spheroid  were  coated 
with  a  pyrolitic  deposit  of  hard  carbon. 

The  noise  in  a  large  number  of  single  carbon  contacts,  connected  in 
place  of  the  transmitter  in   the  input  circuit  shown  in  Fig.   2,   was 
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measured  as  a  function  of  the  voltage  on  the  contact,  the  resistance 
being  held  fixed.  In  every  case  the  general  law  given  by  Kq.  (1)  was 
found  valid,  a  varying  between  the  limits  1.75  and  1.95  for  different 
contacts.  The  results  of  a  typical  measurement  on  a  contact  having  a 
resistance  of  76  ohms  are  shown  in  Fig.  5.  The  experimental  points 
fall  on  a  straight  line  having  a  slope  corresponding  to  a  value  of  a 
equal  to  1.83. 

Figure  6  gives  the  results  of  contact  noise  measurements  performed 
on  a  commercial  grid  leak  which  was  made  by  coating  a  thin  layer  of 
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Fig.  6 — The  mean  square  contact  noise  voltage  in  a  50,000-ohm  carbon  grid  leak 
resistor  as  a  function  of  the  applied  voltage. 


finely  divided  carbon  and  binder  on  glass.  The  input  circuit  shown  in 
the  insert,  consists  of  Ri,  the  sample  under  test;  Ro,  a  metal  wire 
resistor  which  produces  no  contact  noise;  and  a  suitable  source  of  d.-c. 
voltage.  The  resistance  of  both  Ri  and  R2  was  50,000  ohms.  The 
experimental  points  lie  on  a  straight  line  the  slope  of  which  fixes  the 
value  of  a  at  1.90.     Individual  points  could  be  reproduced  within  an 
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accurac>'  of  0.1  dl).  Similar  measurements  of  noise  in  thin  metallic 
films  deposited  by  either  the  cathode  sputtering  or  evaporation  process 
gave  results  in  agreement  with  Eq.  (1),  the  value  of  a  lying  between  the 
limits  mentioned  above. 

Thus  it  is  seen  that  all  types  of  granular  resistance  elements  which 
we  have  tested,  namely,  carbon  transmitters,  single  carbon  contacts  and 
those  consisting  of  thin  films  of  carbon  or  metal  follow  the  same  rela- 
tionship for  noise  as  a  function  of  applied  d.-c.  voltage. 

Noise  as  a  Function  of  Contact  Resistance 
The  observation  of  contact  noise  as  affected  by  contact  resistance  is 
necessarily  limited  to  loose  contacts,  for  in  fixed  resistance  elements 
such  as  grid  leaks  and  conducting  films  one  has  no  means  of  inde- 
pendently varying  their  resistances.  One  alters  the  resistance  of  a 
single  contact  by  the  relative  displacement  of  the  two  contacting 
elements.  The  resistance  of  a  multi-contact  device,  such  as  a  carbon 
microphone,  may  be  altered  either  by  a  relative  displacement  of  the 
contacting  particles,  or  by  a  change  in  the  number  of  contacts  between 
the  electrodes.  The  noise  is  affected  differently  by  these  two  methods 
of  resistance  change;  hence  one  must  study  them  separately.  In  this 
section  we  shall  be  concerned  only  with  noise  as  affected  by  resistance 
changes  due  to  contact  displacement  both  in  single  contacts  and  in 
aggregates;  that  due  to  a  change  in  the  number  of  contacts  between  the 
electrodes  will  be  considered  in  our  discussion  of  the  noise  from  a  contact 
assemblage. 

Figure  7  is  a  diagram  of  the  input  circuit  used  to  study  the  relation- 
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Fig.  7 — Diagram  of  the  circuit  used  in  measuring  contact  noise  as  a  function  of 
resistance  in  granular  resistance  elements. 

ship  between  noise  and  resistance.  By  means  of  the  potentiometer  we 
could  measure  both  the  voltage  supplied  to  the  contact  circuit  and  that 
across  the  contact  or  transmitter.  The  resistance  Re  is  so  adjusted  for 
each  noise  observation  that  one  half  the  voltage  supplied  to  the  circuit 
is  across  the  contacts.  The  contact  resistance  for  this  condition  is 
given  by  R(.  Also,  in  every  case,  one  half  the  generated  noise  voltage 
is  impressed  on  the  input  tube  of  the  amplifier. 
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The  single  contacts  studied  were  mounted  in  the  cantilever  bar 
device  as  described  in  the  preceding  section.  We  found  it  important  to 
wait  after  the  mounting  of  a  contact  long  enough  for  the  whole  bar  to 
come  to  thermal  equilibrium  before  a  measurement  was  attempted, 
otherwise  very  erratic  results  were  obtained.  Figure  8  is  a  typical 
curve  obtained  when  the  mean  square  noise  voltage  is  plotted  in  db 
against   the   contact   resistance   on    a   logarithmic    scale.     For   this 
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Fig.  8 — The  mean  square  contact  noise  voltage  in  a  single  carbon  contact  as  a 
function  of  the  contact  resistance.  The  resistance  was  varied  by  changing  the 
contact  displacement  while  the  applied  voltage  was  held  at  0.1  volt. 

measurement  the  d.-c.  voltage  on  the  contact  was  0.1  volt.     The 
experimental  relationship  between  noise  and  resistance  is  given  by 


F  2  =  Const.  R^. 


(2) 


The  data  plotted  in  Fig.  8  give  the  value  13  =  1.25,  which  is  the  average 
value  found  for  all  the  contacts  studied.  For  individual  contacts  j8 
varied  between  the  extremes  of  1.1  and  1.42.  The  studies  on  other 
properties  of  single  contacts  also  exhibit  a  rather  wide  variability  from 
contact  to  contact,  hence  the  above  result  is  not  surprising. 
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A  departure  from  the  straight  Hne  relationship,  such  as  is  plotted  in 
Fig.  8,  occurs  only  when  the  contact  is  in  a  relatively  high-resistance 
state  due  to  a  very  slight  compression  of  the  contacting  particles. 
When  in  this  condition  contacts  are  quite  unstable  and  observations 
upon  them  erratic,  but,  in  general,  the  noise  originating  in  them  is  less 
than  that  expected  if  Eq.  (2)  held  over  the  entire  range  of  contact 
resistance  values. 

For  the  study  of  an  aggregate  of  contacts  the  carbon  cell  from  a 
barrier  type  transmitter  was  chosen.  The  structure  of  this  cell  (see 
Insert  Fig.  9)  is  such  that  one  would  expect  the  major  portion  of  the 
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Pig  9^The  mean  square  contact  noise  voltage  in  a  standard  carbon  transmitter 
as  a  function  of  the  cell  resistance.  The  resistance  was  varied  by  changing  the 
amount  of  carbon  filling  while  the  transmitter  voltage  was  held  constant  at  1.0  volt. 
Each  experimental  point  represents  the  average  of  nine  different  readings. 

current  to  be  conducted  through  a  small  part  of  the  total  mass  of 
granules  near  the  bottom  of  the  cell,  and  carbon  added  to  the  top  of  the 
cell  to  act  mainly  to  increase  the  contact  compressions  of  the  conducting 
contacts.  The  electrodes  of  this  cell  are  heavily  gold  plated,  which 
assures  that  the  resistance  observed  is  almost  entirely  that  of  the 
contacts  within  the  aggregate,  a  condition  which  is  not  fulfilled  when 
carbon  electrodes  are  used. 
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Figure  9  summarizes  the  results  obtained  in  a  typical  set  of  measure- 
ments on  the  noise  generated  in  the  transmitter  cell  before  mentioned. 
The  resistance  was  varied  by  changing  the  height  of  the  carbon  layer 
above  the  carbon  which  was  in  the  conducting  path.  Each  of  the 
plotted  points  is  the  average  of  nine  observations,  all  of  which  occur  in 
a  range  of  1  db.  The  relationship  plotted  in  Fig.  9  can  also  be  ex- 
pressed by  Eq.  (2)  and  we  again  find  jS  =  1.25.  We  shall  see  later — 
Eq.  (8) — that  when  the  resistance  of  an  aggregate  is  altered  by  chang- 
ing the  number  of  conducting  contacts  between  the  electrodes  quite 
another  relationship  between  noise  and  resistance  is  obtained.  Hence 
our  assumption  regarding  the  nature  of  the  resistance  change  in  this 
cell  is  consistent  with  the  data  of  Fig.  9,  and  we  believe  that  in  this 
experiment  we  have  measured  the  average  value  of  ^3  for  all  the  contacts 
in  the  conducting  path  and  have  found  it  to  be  in  agreement  with  the 
average  value  deduced  from  our  single-contact  measurements. 

Noise  as  a  Function  of  Frequency 

For  measuring  the  frequency  distribution  of  the  noise  the  filter 
shown  in  Fig.  1  was  replaced  by  a  frequency  analyzer  ^  having  a 
constant  band  width  of  20  cycles,  the  midpoint  of  which  could  be  set  at 
any  point  between  50  and  10,000  cycles  per  second.  The  calibration  of 
the  apparatus  was  checked  by  measuring  the  frequency  distribution  of 
thermal  noise  which  was  constant  over  this  entire  range,  in  accordance 
with  theory. 

The  results  of  the  measurements  on  a  standard  carbon  transmitter, 
maintained  at  constant  resistance  and  applied  voltage,  are  shown  in 
Fig.  10  where  ordinates  represent  the  mean  square  noise  voltage  over 
the  20-cycle  band  and  abscissae  represent  the  mid-frequency  of  the 
band.  It  is  seen  that  the  experimental  points  fall  on  a  straight  line 
having  a  negative  slope  of  about  1.0.  This  relationship  may  be 
represented  by  the  equation 

AV}  =  Const.  IFjF,  (3) 

where  A  F?  is  the  mean  square  noise  voltage  for  the  frequency  band  AF. 
Integrating  Eq.  (3)  between  fixed  limits  we  obtain: 

V}  =  Const,  log  (F2//^i),  (4) 

which  gives  the  total  noise  over  the  frequency  range  Fi  to  Fo. 

Figure   11   gives  the  results  of  similar  measurements  on   a  high- 
9  T.  G.  Castner,  Bell  Laboratories  Record  13,  267  (1935). 
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Fig.  10 — The  frequency  distribution  of  contact  noise  in  a  standard  carbon  trans- 
mitter for  normal  operating  conditions.  The  ordinates  give  the  mean  square  contact 
noise  voltage  in  a  twenty-cycle  band  the  midpoints  of  which  are  given  by  the  abscissae. 

resistance  carbon  grid  leak.  It  is  seen  that  the  noise  has  precisely  the 
same  frequency  distribution  in  both  the  carbon  transmitter  and  in  the 
grid  leak,  which  further  supports  our  belief  that  the  noise  mechanism  is 
the  same  in  each  case. 

Otto  ^  reported  similar  measurements  of  noise  as  a  function  of 
frequency  in  carbon  transmitters,  single  contacts  of  carbon,  carbon  grid 
leaks  and  copper  oxide  resistances.  Whereas  we  find  an  almost  exact 
inverse  relationship  between  noise  and  frequency  for  all  types  of 
elements  tested  he  shows  curves  with  negative  slopes  ranging  from  1.0 
to  1.4.  Meyer  and  Thiede  ^  in  measurements  on  thin  carbon  films 
obtained  negative  slopes  having  values  between  1.0  and  2.0. 

Contact  Noise  as  a  Function  of  Temperature  and 
Surrounding  Medium 

For  the  complete  elucidation  of  contact  noise  the  knowledge  of  its 
dependence  upon  temperature  is  important.  However,  the  difficulties 
involved  in  such  a  measurement  are  so  great  that  we  have  been  unable, 
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Fig.  11— The  frequency  distribution  of  the  contact  noise  in  a  50,000-ohm  carbon 
grid  leak  resistor.  The  method  of  plotting  the  experimental  points  is  the  same  as 
that  shown  in  Fig.  10. 

as  yet,  to  obtain  dependable  results.  For  a  satisfactory  observation  of 
the  effect  of  temperature  on  the  noise  of  contacts  one  must  be  certain 
that  the  conducting  area  in  a  contact  remains  constant  and  inde- 
pendent of  temperature.  Temperature  variations  can  alter  the  con- 
ducting area  in  at  least  two  ways;  the  contacting  particles  may  be 
relatively  displaced  due  to  differential  thermal  expansions  of  the 
apparatus,  and  the  change  of  the  quantity  of  adsorbed  gas  on  the 
contacting  surfaces  can  alter  the  contacting  areas  without  any  relative 
displacement  of  the  contacting  particles.  Both  of  these  conditions  are 
very  difficult  to  control  in  any  measurement  involving  temperature 
changes.  However,  our  measurements  of  the  relationship  between 
contact  noise  and  temperature,  performed  under  the  most  carefully 
controlled  conditions  which  we  have  been  able  to  apply,  indicate  that 
contact  noise  may  change  either  positively  or  negatively  as  a  function 
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of  temperature  depending  upon  the  conditions  of  the  experiment,  i^ut 
that  the  total  change  is  not  more  than  ?>  or  4  db  in  the  temperature 
range  from  90  to  300  degrees  Kelvin.  These  observations  are  con- 
sistent with  the  fact  that  Otto  ^  has  reported  a  decrease  of  noise  with 
increase  of  temperature  while  Meyer  and  Thiede  "  have  reported  the 
reverse  effect. 

The  nature  of  the  surrounding  medium  seems  to  affect  the  intensity 
of  the  noise  but  little.  The  noise  of  the  contact  under  oil  seems  to  be 
slightly  less,  one  or  two  decibels,  than  when  the  contact  is  in  a  vacuum 
of  10~^  mm.  of  mercury.  The  noise  in  air  seems  to  be  intermediate 
between  these  two  extremes.  This  leads  us  to  believe  that  the  noise 
mechanism  is  not  associated  with  the  medium  surrounding  the  contact. 

QUANTIT.\TIVE    VALUES    OF    CONTACT    NOISE 

Equations  (1),  (2)  and  (4)  may  be  combined  to  give  the  expression 

T}  ^  K  V"R^  log  (F2/F1).  (5) 

This  is  the  general  empirical  equation  found  for  noise  in  granular 
resistance  elements  as  a  function  of  voltage,  resistance,  and  frequency. 
The  average  values  for  a  and  /3  are  respectively  1.85  and  1.25.  The 
constant  K  is  dependent  on  the  material,  shape,  temperature,  etc.  of 
the  resistance  element.  The  following  representative  values  of  this 
constant  were  obtained  for  some  of  the  resistance  elements  which  we 
have  measured : 

Single  carbon  contact 1 .2  X  10"'" 

Western  Electric  No.  395-B  telephone  transmitter 1.3  X  IQ-i' 

100,000  ohm  carbon  grid  leak 1.1  X  IO-21 

For  different  single  carbon  contacts  this  constant  did  not  vary  more 
than  20  per  cent  as  long  as  a  given  type  of  carbon  was  used,  and  a 
change  in  the  type  of  microphonic  carbon  produced  a  variation  by  not 
more  than  a  factor  of  two. 

The  contact  noise  in  a  Western  Kiectric  No.  395-B  telephone  trans- 
mitter under  actual  working  conditions  (R  =  45  ohms,  T^  =  2.5  volts. 
Fx  =  200  c.p.s.  and  F2  =  3000  c.p.s.)  is  given  by  Eq.  (5)  as  9.8  X  10"* 
volts.  The  output  signal  of  this  transmitter  for  standard  voice  opera- 
tion is  about  0.1  volt.  The  spread  between  signal  and  contact  noise 
is  so  great  that  this  noise  is  not  a  disturbing  factor  in  the  standard 
carbon  transmitter  as  used  in  telephone  service.  This  is  not  true, 
however,  in  the  case  of  high  quality  carbon  transmitters  used  for  studio 
work  and  public  address  systems.  The  sound  fields  under  the  condi- 
tions wherein  such  instruments  are  apt  to  be  used  are  much  less  intense 
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than  for  the  telephone  transmitter  under  its  normal  condition  of  use, 
and  hence,  the  contact  noise  becomes  a  limiting  factor  when  the  carbon 
microphone  is  used  in  weak  sound  fields. 

Equation  (2)  is  not  suited  for  representing  contact  noise  as  a  function 
of  resistance  in  grid  leaks  since  a  change  in  resistance  is  brought  about 
by  variations  in  the  dimensions  and  materials  of  the  conducting  film 
rather  than  by  a  change  in  contact  displacement  as  is  done  in  the  case 
of  loose  contacts.  For  this  reason  the  constant  given  above  applies 
only  to  100,000-ohm  resistances  of  a  given  type. 

It  is  of  interest  to  note  that  the  constant  for  the  carbon  grid  leak 
resistor  is  smaller  than  that  for  the  single  contact  by  a  factor  of  10^. 
This  is  due,  in  part,  to  the  fact  that  the  total  voltage  V  across  the  grid 
leak  resistor  is  divided  among  a  network  of  contacts  each  of  which 
produces  noise  independently  of  the  others.  The  total  noise  from  such 
an  assemblage,  as  will  be  shown  in  the  following  section,  is  less  than 
that  arising  from  a  single  contact.  This  suggests  that  the  contact  noise 
in  a  solid  carbon  filament,  if  it  exists  at  all,  should  be  still  smaller  than 
that  in  the  grid  leak.  We  have  made  measurements  on  such  a  filament 
having  a  diameter  of  0.0025  cm.  and  a  resistance  of  75,000  ohms. 
After  taking  great  precautions  to  eliminate  all  the  noise  at  the  terminal 
connections  we  were  unable  to  detect  any  noise  in  addition  to  that  of 
thermal  agitation  for  d.-c.  loads  as  great  as  the  filament  would  carry 
without  being  destroyed  (a  current  density  of  3  X  10^  amperes  per 
square  cm.). 

Noise  From  a  Contact  Assemblage 

A  transmitter  cell  contains  an  assemblage  of  contacts  and  we  have 
shown  that  the  noise  from  such  an  assemblage  follows  the  empirical  law 
set  forth  in  Eq.  (5),  which  also  holds  for  single  contacts.  Several 
important  deductions  are  possible  when  we  study  the  noise  from  an 
assemblage  as  a  function  of  the  number  and  arrangement  of  the 
contacts  within  it. 

Assemblage  With  Contacts  in  Parallel 

Consider  n  contacts,  Ri,  R2  •  •  •  Rn,  placed  in  parallel  across  a  direct 
current  supply  and  inductance  as  shown  in  Fig.  12 A.  The  inductance 
is  large  enough  so  that  it  offers  an  effectively  infinite  impedance  to  the 
fluctuation  voltage  we  expect  to  study.  Due  to  the  fluctuation  of 
resistance  in  the  contacts  and  the  passage  of  direct  current  they  will  act 
as  a.-c.  generators.  Figure  12B  is  the  equivalent  a.-c.  circuit,  where 
«i,  62  •  •  •  e„  are  the  instantaneous  a.-c.  voltages  generated  because  of 
the  fluctuating  resistance  in  the  respective  contacts.     The  instantane- 


214 


BELL  SYSTEM  TECHNICAL   JOURNAL 


Fig.  12 — {A)  Circuit  for  measuring  the  contact  noise  of  a  parallel  assemblage  of  re- 
sistance elements.     (B)  The  equivalent  a.-c.  circuit  of  {A). 

ous  value  of  a.-c.  voltage  experienced  across  the  impedance  Z — which  is 
the  input  impedance  of  a  measuring  circuit — is 


€  =  ei  -  iiRx 


^n  ^n^n    —    tZj , 


where  11,12  •  •  •  *n  are  the  respective  fluctuating  currents  flowing  because 
of  the  generator  action  of  the  fluctuating  contact  resistances.  Also 
we  have 

i  =  ii  +  ^2  •  •  •  in- 


From  these  two 

expressions  we 

get 

Ri      R2 

+  • 

e,. 

-Rr' 

Ri      R2 

where 

Y     Ri            Rn      Z 

Hence  we  obtain 

e  =  ei- 

Z  +  . . .  g  z 

Rl                            Rn 

R.^Z\ 


€ 

Y' 


The  noise  power  dissipated  in  Z,  and  thus  measured  by  the  measuring 
device,  is  defined  in  the  usual  way  as  e^/Z,  where  e-  is  the  mean  square 
voltage  across  the  impedance  Z  and  is  defined  as 


c2  =  hmit  (1//) 


Jo 


■Mt. 
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If  the  value  of  e  as  given  above  is  substituted  in  this  equation,  and 
the  relative  phases  of  the  individual  contact  voltages  Ci  •  •  •  g„  are 
considered  random,  one  derives  the  relationship 


ei 


e2' 


^  parallel 


Rn' 


Rr^  R2^  Rx       Z\ 


(6) 


The  experimental  test  of  this  derived  relationship  will  be  given  later. 

Assemblage  with  Contacts  in  Series 

Consider  n  contacts  placed  in  series  and  supplied  with  current  from 
a  battery  through  an  inductance  as  shown  in  Fig.  13^1 .     The  equivalent 


^ 


AMPLIFIER 

AND 

MEASURING 

DEVICE 

z^ 

(A) 


I— <3>-AM 

ei  R| 


-<3D — vw 

en  f^n 


(B) 

l"ig.  13 — {A)  Circuit  for  measuring  the  contact  noise  of  a  series  assemblage  of  re- 
sistance elements.     {B)  The  e(iuivalent  a.-c.  circuit  of  {A). 

a.-c.  circuit  is  shown  in  l-'ig.  135.  If  the  value  of  e-  impressed  on  the 
impedance  Z  of  a  measuring  device  is  calculated,  in  a  way  similar  to 
that  outlined  for  the  case  of  contacts  in  parallel,  one  gets 


W   +    •  •  •    ^n'']Z' 


lR,-\-R2+  ••■  Rn  +  ZJ  • 


(7) 


Equations  (6)  and  (7)  are  derived  by  considering  the  aggregate  as 
made  up  of  single  contacts,  but  the  same  would  be  true  if  the  aggregate 
were  considered  as  made  up  of  unit  cells  of  arbitrary  size,  the  values  of 
e  and  R  applying  to  the  unit  cells. 
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It  is  experimentally  impracticable,  if  not  impossible,  to  determine  the 
noise  and  resistance  of  each  contact  in  an  aggregate;  hence  in  the 
experimental  test  of  the  foregoing  equations  we  have,  in  effect,  divided 
the  aggregate  into  unit  cells.  The  aggregate  of  carbon  granules  was 
placed  in  four  parallel  grooves  cut  in  a  single  phenol  fibre  block. 
Each  groove  was  provided  with  five  gold  electrodes  evenly  spaced 
along  the  surface  of  the  groove  so  that  there  were,  effectively,  four 
contiguous  carbon  cells  in  each  groove.  This  permitted  the  measure- 
ment of  the  noise  from  each  cell  separately  and  also  from  the  cells  in 
various  assemblages.  Applying  Eq.  (6)  or  (7),  as  the  case  demanded, 
to  the  values  of  the  noise  from  the  single  cells  we  calculated  the 
expected  noise  of  the  assemblages  and  compared  this  with  the  measured 
values.  Table  I  gives  typical  results  for  parallel  assemblages  and 
Table  II  typical  results  for  series  assemblages. 

TABLE  I 


Cell  Resistance 
Ohms 

Noise  in  db 

Cell 

Measured 

Calculated 

a 

b 

c 

d 

a  -\-  d  parallel 

b  +  c  parallel 

a  +  b  +  c  +  d  parallel 

3523 
4315 
4515 
3585 
1760 
2215 
980 

15.7 
17.2 
19.6 
15.2 
12.6 
15.7 
11.2 

12.5 
15.5 
10.9 

TABLE    II 


Cell  Resistance 

Noise  in  db 

Cell 

Measured 

Calculated 

1 

590 
720 
610 
510 
490 
545 
685 
427 
405 
226 
152 

2510 
2211 
775 
4720 
2980 

31.5 
34.0 
33.0 
30.0 
30.5 
31.0 
33.5 
26.5 
25.0 
19.0 
16.5 

38.5 
37.5 
26.0 
41.0 
37.5 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Series  1  to    4 

5  to    8 

38.2 
36.9 

9  to  1 1  

26.4 

1  to    8 

40.4 

5  to  11  

37.2 
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Considering  the  difficulty  in  holding  a  fixed  granular  configuration  in 
a  cell  of  loose  contacts  we  feel  that  the  experimental  results  justify  the 
conclusion  that  the  assumptions  underlying  the  derivation  of  Eqs.  (6) 
and  (7)  are  essentially  correct,  which  require  that  the  phase  of  the  noise 
voltage  from  each  unit  cell  is  entirely  independent  of  that  of  any  other 
cell  in  the  aggregate.  From  this  we  conclude  that  the  mechanism 
causing  the  noise  is  a  small-scale  effect  capable  of  independently 
existing  within  a  volume  element  much  smaller  than  the  size  of  the  unit 
cell  in  any  of  the  experiments  we  have  performed  on  aggregates.  In 
fact,  as  will  be  assumed  later,  we  believe  the  noise  mechanism  to  be 
located  in  a  volume  element  smaller  than  that  concerned  with  the 
properties  of  a  contact  between  two  particles. 

If  resistance  elements  are  so  chosen  that  each  has  the  same  resistance 
and  noise,  and  these  are  placed  in  a  circuit  where  the  impedance  Z  is 
large  compared  to  the  resistance  of  the  elements,  then  Eqs.  (6)  and  (7) 
can  be  written  respectively  as  follows: 

n 
and  

FAeries  =  ne\  (7a) 

The  resistance  Roi  a  parallel  assemblage  of  like  contact  elements,  each 
having  the  same  resistance  Rk,  is  obtained  from  1/R  =  n/Rk,  or 
n  =  Rk/R. 

Substituting  this  in  Eq.  (6a)  we  get 

K-k 

For  like  contact  elements  in  series  we  get  n  =  R/Rk,  hence  Eq.  (7a) 
becomes  _ 

F2    .     =  — 

'  c  series  d 

Kk 


(7b) 


If  now  we  have  the  further  condition  that  the  battery  voltage  is  so 
adjusted  for  each  new  assemblage  that  e-  is  always  constant,  then  Eqs. 
(6b)  and  (7b)  are  equivalent  and  we  have 

V7  =  Const.  R.  (8) 

An  equivalent  relationship  was  derived  and  experimentally  tested  by 
Otto,^  but  it  is  clear  from  our  derivation  and  measurements  that  it 
applies  only  to  a  change  in  the  assemblage  of  like  contacts,  such  as  is 
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realized  when  the  dimensions  of  a  granular  aggregate  or  conducting 
film  are  altered,  and  is  not  valid  for  cases  where  the  resistance  is 
altered  by  changing  the  contact  compressions.  In  this  latter  case  Eq. 
(2)  applies. 

Another  interesting  property  of  an  assemblage  is  obtained  if  we 
express  e^  by  means  of  Eq.  (1)  in  terms  of  the  battery  voltage  V.  Thus 
for  the  parallel  assemblage,  e"^  =  Const.  F",  and  for  the  series  assem- 

-  /  VY 

blage,  e^  —  Const.  I  —  1  .  Thus  Eqs.  (6a)  and  (7a)  can  be  written, 
respectively,  as  follows: 

TTa  Const.  V 

l^c  parallel    =   (OC) 

and 

r^         _  Const.  F° 

Vc  aeries    —  ^„_i  •  {iC) 

If  we  now  accept  as  an  approximation  a  =  2  then  Eqs.  (6c)  and  (7c) 
are  equivalent,  and  we  can  say  that  for  any  assemblage  of  contacts, 
where  the  value  of  e'^  for  each  contact  element  is  equal  to  that  of  every 
other  contact  element  in  the  assemblage,  the  contact  noise  of  the 
assemblage  is  inversely  proportional  to  the  number  of  contact  elements 
in  the  assemblage.  This  principle  we  have  established  experimentally 
by  building  "square"  assemblages — Vw  parallel  paths  with  Vw  ele- 
ments in  series  in  each  path — and  measuring  the  noise  as  a  function 
of  n.  The  "square"  assemblage  is  particularly  interesting  for  it  allows 
a  control  of  the  noise  of  an  assemblage  without  altering  its  overall 
resistance.  This  suggests  a  principle  which  may  be  followed  in  de- 
signing grid  leaks  and  carbon  transmitters  with  low  contact  noise 
characteristics. 

Discussion 

It  seems  to  us  that  the  most  logical  hypothesis  consistent  with  the 
foregoing  experimental  data  is,  as  before  indicated,  that  the  noise 
mechanism  lies  in  a  fluctuating  contact  or  boundary  resistance. 
Assuming  this  we  are  led  to  the  following  considerations  concerning  the 
nature  of  the  noise  mechanism. 

Careful  measurement  has  established  that  the  conduction  through  a 
carbon  contact,  as  near  as  can  be  observed,  is  entirely  ohmic.  We  have 
shown  that  when  a  carbon  contact  through  which  direct  current  is 
flowing  is  cyclically  compressed,  as  in  the  acoustic  modulation  of  a 
carbon  transmitter,  the  generated  a.-c.  power  is  proportional  to  the 
square  of  the  d.-c.  voltage.     This  leads  to  the  conclusion  that  the 
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resistance  modulation  due  to  the  cyclical  compression  is  independent 
of  the  applied  voltage.  It  is  evident  from  Eq.  (1)  that  the  fluctuating 
resistance  responsible  for  the  noise  cannot  be  equivalent  to  the  resist- 
ance modulation  introduced  by  a  cyclical  compression  where  the 
contacting  granules  move  relatively  as  a  whole,  for  the  fluctuating 
resistance  responsible  for  noise  is  somewhat  voltage  sensitive  as  indi- 
cated by  the  departure  of  a  from  the  value  2.  This  means  either  that 
the  conductance  responsible  for  the  noise  is  specifically  non-ohmic  or 
that  the  extent  of  the  conduction  wherein  the  noise  mechanism  lies  is 
diminished  as  the  applied  d.-c.  voltage  is  increased.  Non-ohmic 
conductance  is  usually  such  that  conductance  increases  with  applied 
voltage,  thereby  demanding  a  value  of  a  in  Eq.  (1)  which  is  greater 
than  2;  accordingly  we  are  inclined  to  believe  that  applied  voltage  acts 
to  diminish  the  area  over  which  the  noise  mechanism  operates. 

If  the  noise  mechanism  were  intimately  associated  with  the  total 
conductance  of  a  contact  one  would  expect  the  noise  to  be  proportional 
to  some  simple  integral  power  of  the  current  in  a  contact,  but  this  is 
denied  by  the  observed  value  of  0  in  Eq.  (2). 

These  facts  and  deductions  lead  us  to  the  hypothesis  that  there 
exist  two  mechanisms  of  conduction  between  particles  in  contact,  a 
primary  conduction  which  accounts  for  the  major  portion  of  the 
current,  and  a  secondary  conduction  wherein  a  relatively  small  por- 
tion of  the  total  current  is  transferred  and  in  which  the  noise  mechanism 
is  found.  Goucher  ^  has  given  evidence  that  the  primary  conduction 
between  contacting  carbon  particles  is  of  the  same  nature  as  that  in 
solid  carbon,  and  since  we  have  been  unable  to  measure  any  noise  in 
solid  carbon  we  assume  that  the  secondary  conduction  does  not  take 
place  through  the  same  region  of  the  contact  as  the  primary  conduction. 
Recent  investigation  of  the  elastic  nature  of  carbon  contacts  ^  has 
led  to  the  conclusion  that  the  surface  of  each  particle  can  be  considered 
as  covered  with  a  layer  of  hemispherical  hills  of  heights  distributed 
according  to  the  function  N^  =  Const.  x'\  where  N^  is  defined  as  the 
quantity  which  when  multiplied  by  ^.v  gives  the  number  of  hills  coming 
into  coincidence  with  a  plane  as  it  moves  from  the  position  x  to  x  +  dx, 
and  71  is  a  constant  whose  experimentally  determined  value  is  about 
0.6.  The  establishment  of  a  contact  consists  in  bringing  into  coinci- 
dence a  number  of  these  hills  and  enlarging  the  coincidence  areas  to  the 
extent  demanded  by  the  displacement  of  the  contacting  elements  after 
their  initial  coincidences.  Let  us  accept  this  picture  of  a  contact  and 
inquire  as  to  how  it  applies  in  the  explanation  of  our  empirical  noise 
equation. 

We  assume  that  through  each  area  of  coincidence  the  primary  con- 
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duction  takes  place  and  that  secondary  conduction,  in  which  the  noise 
mechanism  lies,  can  take  place  between  the  surfaces  which  are  not  in 
primary  contact  and  are  not  separated  by  more  than  a  certain  increment 
dx.  Figure  14  is  an  attempt  to  picture  a  portion  of  the  hypothetical 
plane  of  contact  between  two  carbon  granules. 


Fig.  14 — A  portion  of  the  hypothetical  plane  of  contact  between  two  carbon 
granules.  The  cross  hatched  circular  areas  are  the  coincidence  areas  through  which 
primary  conduction  takes  place.  The  shaded  areas,  through  which  the  secondary 
electrical  conduction  takes  place,  are  regions  where  the  granule  surfaces  are  not 
separated  by  an  interval  larger  than  A.v.  The  area  of  each  of  these  is  independent  of 
the  coincidence  area  it  surrounds. 


The  total  number  of  hills  in  coincidence  in  a  contact  is  given  by 

Nc  =    i     Nx  dx  =  Const.   I     x"  dx  =  Const.  D"+\ 
Jq  Jq 
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where  D  is  the  total  displacement  from  the  first  coincidence.  This 
number  can  also  be  expressed  in  terms  of  the  contact  resistance  R  by 
using  Goucher's  ^  derived  equation:  IjR  =  Const.  Z)''^''/^.  Thus  the 
above  expression  can  be  written 


Nc.    =    Const.  7?-(2»+2)/(2n+3)_ 


{'» 


The  area  of  secondary  electrical  conduction  surrounding  each  area  of 
coincidence  is  precisely  that  area  which  would  be  added  were  the 
contact  compressed  by  an  increment  of  compression  A.r.  From  the 
theory  of  Hertz  ^^  one  can  show  that  for  smooth  spherical  hills  in  con- 
tact, A^/Ax  is  independent  of  the  total  hill  compression  and  hence 
that  the  total  area  of  secondary  electrical  conduction  in  a  contact 
Ac  is  proportional  to  Nc,  giving 


Ac   =    Const.  Nc    =    Const.  i?-(2n+2)/(2n+3)^ 


(9a) 


For  purposes  of  analysis  let  us  think  of  the  secondary  conduction 
area  surrounding  each  primary  area  of  contact  as  divided  up  into  small 
elements  of  like  nature,  and  further  that  the  secondary  conduction 
through  each  of  these  elements  of  area  is  independent  of  that  in  every 
other  element.  If  such  a  contact  is  connected  in  a  circuit  as  shown  in 
Fig.  12 A  then  the  equivalent  a.-c.  circuit  can  be  thought  of  as  that 
shown  in  Fig.  15,  where  R  is  the  mean  resistance  of  the  entire  contact, 


Fig.  15 — The  equivalent  a.-c.  circuit  of  a  contact  with  v  elements  of  secondary 
conduction  area,  through  each  of  which  there  is  an  independently  fluctuating  current, 
when  such  a  contact  is  connected  in  a  circuit  as  shown  in  Fig.  12^. 

*i,  •  ■ '  12  are  the  instantaneous  deviations  of  the  current  from  the 
mean  current  in  each  of  the  v  elements  of  secondary  conduction  area, 
and  e  is  the  instantaneous  value  of  the  fluctuation  voltage  across  the 
measuring  device  with  impedance  Z.  Taking  into  account  the  random 
nature  of  the  fluctuation  currents  through  each  element  of  secondary 

'"A.  E.  H.  Love,  "Mathematical  Theory  of  Elasticity,"  2nd  ed.,  p.  192.     This 
has  been  experimentally  confirmed  by  J.  P.  Andrews,  Phys.  Soc.  Proc.  43,  1  (1931). 
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conduction  area  one  can  derive,  in  much  the  same  manner  as  for  Eq. 
(6),  the  relationship 

72  =  vJ'-{Rzyi(R  +  zy,  (10) 

where  i^  =  i-^  =  •  •  •  ij^.  Since  v  is  proportional  to  ^^  we  have  by  Eq. 
(9a)  the  relationship  v  =  Const,  /e  (2"+2)/(2«+.-))  Substitutinj^^  this  into 
Eq.  (10)  we  get 

?  =  Const.  .i^^2„ii)/(2,.(:o  2;7(/^  +  Z)-', 

and  if  we  make  Z  large  compared  with  R  this  becomes 

7  =  Const.  i?(2,.+4)/(2«+3)_  (11) 

Comparing  this  with  Eq.  (2),  the  experimentally  derived  relationship 
between  noise  and  contact  resistance,  we  get  n  =  0.5.  Goucher  ^ 
found  by  elastic  measurements  the  value  oi  n  =  0.6."  In  view  of  the 
fact  that  a  slight  change  in  the  experimental  value  of  the  exponent  /3  in 
Eq.  (2)  causes  a  rather  large  change  in  the  value  of  n  thereby  de- 
termined from  Eq.  (11),  we  can  say  that  the  agreement  between  the 
results  obtained  from  elastic  measurements  and  noise  measurements  is 
surprisingly  good,  and  that  this  agreement  supports  the  hypothesis 
regarding  the  nature  of  a  contact. ^^ 

In  discussing  the  hypothesis  that  there  exists  a  region  of  secondary 
conduction  which  is  responsible  for  the  noise,  we  have  not  made  any 
assumption  as  to  the  nature  of  the  secondary  conduction.  Several 
possibilities,  however,  have  occurred  to  us,  one  of  which  it  seems 
desirable  to  mention  at  this  time. 

If  one  assumes  that  the  thermo-mechanical  vibrations  of  a  solid 
extend  to  the  outside  surface,  then  it  is  possible  that  the  wave  crests 
may  be  able  to  make  periodic  electrical  contact  across  the  secondary 
conduction  area  assumed  in  our  hypothesis.  This  would  permit  a 
pulsating  current  to  flow,  the  frequency  of  which,  it  is  supposed,  is 
determined  by  the  frequency  of  the  oscillator.  For  oscillators  of 
audible  frequencies  the  hiw  of  energy  equipartition  applies  and  each 
oscillator  will  ha\e  the  usual  1/2  kT  of  energy  per  degree  of  freedom. 
The  energy  of  an  elastic  oscillator  is  also  proportional  to  {B  •  FY,  where 

"  Goucher  found  a  discrepancy  between  the  measured  resistance-displacement, 
resistance-force,  and  force-displacement  relationships.  But  for  reasons  stated  in 
his  paper  we  are  inclined  to  accept  the  distribution  function  found  from  the  force- 
displacement  measurements. 

'^  If  one  assumes  the  existence  of  a  film  in  the  contact,  which  some  older  theories 
of  microphonic  action  do,  and  that  the  number  of  independent  elements  of  area 
throu^di  which  current  is  conducted  is  proportional  to  the  area  of  this  film  then 
one  is  led  to  the  verv  unsatisfactory  conclusion  that  ;/  =   —  3.5. 
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B  is  the  amplitude  and  F  the  frequency.  From  these  two  expressions 
of  the  energy  we  get  B  ~  F~^  T^'^.  The  area  of  secondary  electrical 
conduction  surrounding  each  hill  in  coincidence  is  proportional  to  B, 
and  since  this  area  determines  the  number  of  elements  of  area  through 
which  secondary  conduction  takes  place,  as  assumed  in  the  derivation 
of  Eq.  (11),  we  arrive  at  the  conclusion  that 

7-  =  Const.  F'  r'\  (12) 

While  the  hypothesis  leading  to  Eq.  (12)  is  only  intended  as  a  sugges- 
tion it  does  explain  the  inverse  frequency  relationship,  and  the  temper- 
ature relationship  is  not  an  impossible  one  judging  from  the  past  un- 
satisfactory measurements.  It  may  be  possible,  also,  to  explain  the 
departure  of  a  in  Eq.  (1)  from  the  value  2,  for  one  would  expect  electro- 
static forces  to  distort  the  contacting  surfaces  so  that  the  secondary 
conduction  area  would  become  smaller  as  the  voltage  increases.  A 
satisfactory  experiment  on  the  effect  of  temperature  on  noise  will  do 
much  to  establish  or  disprove  the  tenability  of  this  hypothesis. 

Brillouin  ^^  has  recently  derived  an  expression  for  the  noise  in  a 
conductor  carrying  a  current  by  using  the  statistical  method  to  deduce 
the  most  probable  distribution  of  the  electrons  in  such  a  system  when 
it  is  in  equilibrium.  This  method  of  calculation  gives  a  noise  energy, 
in  addition  to  thermal  noise,  which  is  proportional  to  the  square  of  the 
current  and  inversely  proportional  to  the  volume  of  the  conducting 
material.  We  have  made  a  calculation  of  the  relative  magnitudes  of 
the  two  terms  in  Brillouin's  equation  which  correspond  to  our  experi- 
mental conditions.  Assuming  reasonable  dimensions  for  a  carbon 
contact  and  a  current  density  as  high  as  any  we  used  it  turns  out  that 
the  magnitude  of  the  term  for  contact  noise  is  far  below^  that  for 
thermal  noise.  Furthermore  it  seems  to  us  that  Brillouin's  mecha- 
nism would  require  a  fiat  frequency  distribution  of  noise  rather  than  the 
distribution  which  we  have  observed.  For  these  reasons  we  do  not 
i)elieve  that  the  noise  which  we  have  studied  is  produced  by  the 
mechanism  postulated  by  Brillouin. 

In  conclusion  we  wish  to  acknowledge  our  indebtedness  to  Dr.  J.  B. 
Johnson  and  Dr.  F.  S.  Goucher  for  the  helpful  criticism  they  have 
given  us  during  the  course  of  this  work. 

I'L.  Brillouin,  Helv.  Phys.  Acta,  Supt.  2,  7,  47  (1934).  This  theory  is  intended 
to  explain  the  "Fluctuations  de  resistance  dans  un  conducteur  mt-tallique  de  faible 
volume,"  reported  by  M.  J.  Rernamont,  Comptes  Rendus  198,  1755  (1934);  ibid. 
198,  2144  (1934). 
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of  Magnetism  * 

By  KARL  K.  DARROW 

The  topic  of  this  article  is  the  explanation  of  magnetism  as  ordinarily 
observed — to  wit,  the  magnetization  of  pieces  of  matter  of  ordinary  dimen- 
sions— by  ascribing  magnetic  moment  to  the  individual  molecules,  atoms, 
and  electrons  of  which  matter  is  composed.  For  paramagnetic  bodies  it  is 
postulated  that  the  individual  atoms  are  magnets  of  which  the  orientation, 
but  not  the  strength,  is  altered  in  the  presence  of  a  magnetic  field;  the  theory 
is  so  successful  as  to  make  it  possible  to  calculate,  from  magnetization-curves, 
values  for  the  magnetic  moments  of  these  atoms  which  agree  admirably 
with  those  deduced  from  spectroscopic  theory  and  from  experiments  of  other 
types.  For  ferromagnetic  bodies  the  same  postulate  is  made,  but  it  is 
necessary  in  addition  to  recognize  the  existence  of  huge  interatomic  forces 
of  which  very  little  is  known,  so  that  a  large  proportion  of  the  science  of 
ferromagnetism  still  lies  beyond  the  scope  of  atomic  theory.  For  diamag- 
netic  bodies  the  phenomena  are  interpreted  in  a  simple  and  effective  manner, 
as  an  immediate  corollary  of  the  well-known  structure  of  the  atom. 

"IXTAGNETISM  is  a  quality  which  we  attribute  to  the  atom.  We 
^^ ^  affirm  that  iron,  nickel,  gadolinium,  gaseous  oxygen,  and  in  fact 
all  substances,  are  magnetic  because  there  is  magnetism  in  their  atoms. 
Indeed  we  go  even  deeper,  and  affirm  that  the  individual  electrons  and 
the  nuclei  within  the  atoms  are  magnetic.  Nevertheless,  the  atomic 
theory  of  magnetism  is  a  really  valuable  theory.  Perhaps  that 
"nevertheless"  sounds  out  of  place;  but  I  assure  you  that  without  it 
there  would  be  a  trace  of  paradox  in  the  statement,  which  perhaps  our 
grandfathers  would  have  been  quicker  at  discerning  than  are  we.  Let 
me  explain  my  meaning  by  referring  to  the  atomic  theory,  or  as  it  is 
usually  called  the  kinetic  theory,  of  gases.  Those  who  designed  this 
theory  succeeded  in  explaining  the  pressure,  the  temperature,  and  the 
viscosity  of  gases,  without  attributing  a  single  one  of  those  qualities 
to  the  atoms.  To  the  atoms  they  assigned  the  properties  of  momen- 
tum and  velocity  and  kinetic  energy;  those  other  qualities  which  I  just 
named  were  then  interpreted  in  terms  of  these, — ^they  were  interpreted 
as  what  we  call  statistical  properties  of  the  great  multitude  of  atoms 
which  constitutes  a  gas.  This  was  a  real  explanation  of  pressure  and 
viscosity  and  temperature,  in  the  fullest  sense  of  the  word  "explana- 
tion"— or  anyhow,  in  the  fullest  sense  of  that  word  which  is  customary 
in  physics.     But  along  with  these  properties  of  pressure  and  viscosity 

*  Expanded  from  a  lecture  delivered  on  January  14,  1936,  at  the  School  of  En- 
gineering of  Yale  University,  and  still  bearing  obvious  traces  of  its  original  form. 
In  preparing  it  I  received  invaluable  aid  from  Dr.  R.  M.  Bozorth. 
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and  temperature,  a  gas  also  possesses  weight.  The  builders  of  the 
kinetic  theory  simply  said  that  the  weight  is  a  property  of  the  individual 
atoms,  and  that  the  weight  of  the  gas  is  the  sum  of  the  weights  of  its 
atoms.  Now  evidently  this  was  not  an  explanation  of  weight  at  all. 
Indeed,  by  assigning  weight  to  the  individual  atom,  the  builders  of  the 
theory  had  foregone  all  attempts  at  an  explanation.  A  property  which 
you  assign  to  the  atom  is  a  property  which  you  refuse  to  try  to  explain 
in  terms  of  the  atom — or  so  at  least  it  always  seemed  to  our  fore- 
fathers. To  assign  a  quality  to  an  atom  used  to  be  taken  as  a  confes- 
sion of  incompetence  to  explain  that  quality.  I  can  of  course  make  this 
clear  by  proceeding  to  absurd  extremes.  If  I  say  that  an  orange  con- 
sists of  soft  yellow  juicy  atoms,  or  that  a  marshmallow  is  made  of  sweet 
white  sticky  atoms,  or  that  a  piece  of  iron  is  made  of  hard  black  shiny 
conductive  atoms,  you  recognize  at  once  that  those  are  not  serious 
atomic  theories:  they  are  just  futile  and  somewhat  ridiculous  state- 
ments. If  I  claim  to  explain  the  weight  of  a  piece  of  iron  by  saying  that 
it  is  the  sum  of  the  weights  of  the  atoms,  I  am  making  a  claim  which 
unfortunately  may  not  sound  ridiculous,  but  is  really  just  as  futile — 
unless  it  acquires  value  by  being  linked  with  some  other  assertion. 
But  when  I  say  that  the  magnetism  of  a  piece  of  iron  is  due  to  the 
magnetism  of  its  atoms  and  its  electrons,  the  statement  is  by  no  means 
a  futile  one;  it  is  significant  and  important.  For  this  there  are  two 
main  reasons  or  rather  groups  of  reasons,  which  I  will  indicate  by  the 
words  orientation  and  atomic  structure.  (In  addition  there  are  remark- 
able experiments  on  jets  of  atoms  whereby  their  magnetic  moments 
are  measured  directly,  but  these  I  reserve  for  another  occasion.) 

First  a  few  words  about  atomic  structure.  It  is  a  fact  of  experience 
— the  experience  of  one  hundred  and  fifteen  years— that  a  current 
running  around  a  loop  of  wire  is  the  equivalent  of  a  magnet.  If  now 
somebody  asserts  first  that  a  piece  of  iron  is  magnetic  because  its  atoms 
are  magnets,  and  then  goes  right  ahead  and  asserts  that  the  atoms  are 
magnets  because  they  have  perpetual  currents  running  around  inside 
them — well,  the  combination  of  these  two  statements  is  not  necessarily 
futile  or  trivial.  At  the  very  least,  it  is  a  sensible  attempt  to  reduce 
the  two  kinds  of  magnetism  apparently  existing  in  the  world  to  a  single 
kind,  that  which  is  due  to  moving  electricity.  This  was  Ampere's  idea 
a  hundred  years  ago.  Now  if  in  addition  there  is  independent  evidence 
that  the  atom  comprises  mobile  electrical  particles,  then  this  idea  of 
Ampere's  becomes  the  assertion  that  those  particles  inside  the  atom  are 
actually  revolving.  It  is  well  known  that  modern  physics  is  full  of 
such  evidence,  of  evidence  that  atoms  contain  very  mobile  electrons; 
and  some  of  my  readers  may  recall  that  thirty  years  or  so  ago  there 
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were  an  atom-model  with  stationary  electrons  and  an  atom-model  with 
revolving  electrons,  which  were  in  competition  with  each  other,  and 
the  latter  of  which  has  by  now  driven  the  former  utterly  out  of  the  field. 
Remember  now,  that  the  atom-model  with  the  revolving  electrons 
triumphed  over  the  other  one  not  primarily  because  of  its  magnetic 
quality,  but  because  of  the  theory  of  spectra  which  Bohr  and  others 
were  able  to  derive  from  it.  Revolving  electrons  in  atoms  were  first  of 
all  proved  to  be  responsible  for  spectra,  and  then  it  was  noticed  that 
they  are  capable  of  causing  magnetism.  Therefore  when  the  physicist 
says  that  magnetism  is  a  quality  of  atoms,  he  is  not  making  a  confes- 
sion of  incompetence,  but  an  inference  from  a  highly-developed  and 
successful  theory  of  spectra;  and  this  makes  all  the  difference  in  the 
world  to  the  value  of  the  statement.  Indeed  the  situation  is  even  better 
than  I  have  intimated ;  for  there  are  dozens  of  cases  in  which  first  an 
atom-model  or  a  molecule-model  has  been  constructed  expressly  to  ex- 
plain the  spectrum  of  the  substance  in  question — then,  the  magnetic 
moment  of  its  system  of  revolving  electrons  has  been  computed — then, 
the  magnetic  moment  of  the  atom  or  the  molecule  has  been  measured — 
and  the  two  have  agreed!  This  is  really  an  understatement,  which 
needs  to  be  broadened  so  as  to  include  the  cases  in  which  the  spin  of 
the  electron  plays  a  part;  but  I  pass  them  over,  intending  to  defer  the 
broadening  to  the  latter  part  of  the  article,  which  is  to  be  devoted  to 
these  matters  of  atomic  structure.  For  the  moment,  let  me  make  just 
one  more  allusion  to  them,  a  very  important  one.  Electrons  revolving 
in  orbits  around  a  nucleus  obviously  possess  angular  momentum. 
Therefore,  if  an  atom  has  a  magnetic  moment  due  to  revolving  electrons, 
it  has  an  angular  momentum  also.  This  again  is  an  understatement,  for 
it  contains  a  restriction  which  can  be  removed  in  view  of  the  broaden- 
ing which  is  later  to  be  made.  It  appears  to  be  a  general  rule  that  in 
the  atom,  magnetic  moment  and  angular  momentum  always  go  together. 
A  magnetic  atom  is  a  gyroscope — necessarily  and  automatically.  This 
is  a  fundamental  principle,  and  from  it  flow  some  strange  and  striking 
consequences.  Everyone  who  has  worked  or  played  with  the  classic 
gyroscope  of  our  laboratories  knows  that  it  has  quaint  and  tricky  idio- 
syncrasies. W' ell !  the  atom  has  them  too ;  but  it  has  others  in  addition. 
Angular  momentum,  on  the  atomic  scale,  is  subject  to  peculiar  laws  of 
quantum  mechanics;  and  the  atomic  magnet-gyroscope  behaves  in 
extraordinary  ways,  of  which  our  laboratory  gyroscopes  give  not  the 
faintest  intimation. 

To  summarize  my  introduction  then:  the  first  step  in  the  theory  of 
magnetism  consists  in  referring  it  to  the  individual  atom.  This  sounds 
like  a  confession  of  defeat,  but  it  is  nothing  of  the  sort;  it  is  a  claim  of 
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victory.  Our  theory  of  spectra  reciuires  that  atoms,  or  some  of  them 
at  any  rate,  should  be  magnets,  and  they  are  magnets.  Moreover  it 
fixes  the  magnetic  moments  which  certain  atoms  ought  to  have,  and  so 
far  as  our  experiments  go,  the  atoms  do  have  these  moments.  More- 
over it  imposes  angular  momentum  on  these  atoms,  and  fantastic  as 
the  consequences  are,  experience  bears  them  out.  Logically,  then,  I 
should  begin  the  main  part  of  my  talk  by  showing  how  the  magnetic 
moments  and  the  angular  momenta  of  atoms  and  of  molecules  are  cal- 
culated from  their  spectra  by  atomic  theory.  This,  however,  would  by 
itself  require  several  lectures,  and  very  difficult  ones  at  that.*  I  must 
therefore  simply  ask  you  to  believe  that  the  magnetic  moments  of 
atoms  are  inferences  from  fundamental  theory,  not  mere  ad  hoc  as- 
sumptions; and  now  I  will  explain  what  I  had  in  mind  when  I  wrote 
down  the  word  orientation  to  designate  one  of  the  topics  of  this  article. 
It  is  one  of  the  best-known  facts  of  physics  that  the  magnetization 
of  a  substance  is  not  fixed  and  constant,  but  increases  with  the  strength 
of  the  magnetic  field  which  is  acting  on  the  substance.  By  the  way,  be- 
fore going  any  further  I  must  definitely  exclude  the  so-called  "diamag- 
netic"  substances.  That  exclusion  being  made,  we  do  not  assume  that 
the  magnetic  moment  of  the  individual  atom  increases  similarly  with 
the  field  strength.  People  did  not  make  that  assumption,  even  in  the 
days  before  the  fundamental  theory  was  developed.  Had  they  done 
so,  it  would  have  been  just  as  silly  as  saying  that  a  marshmallow  is 
made  of  soft  white  sticky  atoms,  and  calling  that  an  atomic  theory. 
They  supposed,  and  we  suppose,  that  the  moments  of  the  individual 
atoms  remain  practically  the  same  whatever  the  field  strength;  what 
changes  is  the  average  inclination  of  these  moments  to  the  field.  The 
atomic  moments  are  vector  quantities  pointing  in  various  directions, 
different  from  one  atom  to  the  next.  The  magnetization  of  the  sub- 
stance as  a  whole  is  the  resultant  of  all  these  myriads  of  tiny  vectors 
pointing  in  their  various  directions.  If  they  all  pointed  the  same  way 
the  substance  would  be  completely  and  perfectly  magnetized,  with  a 
moment  equal  to  the  total  number  of  the  atoms  multiplied  into  the 
moment  of  any  one.  This  state  of  saturation  is  not,  however,  to  be 
attained,  not  even  to  be  approached  without  a  rare  and  felicitous  con- 
course of  a  favorable  substance,  a  very  low  temperature  and  a  very 
strong  field.  Much  easier  of  attainment  is  the  opposite  extreme,  when 
the  vectors  are  pointing  all  ways  at  random  and  the  magnetization  is 
zero.  This  happens  with  nearly  all  substances  when  there  is  no  field 
applied,  and  it  seems  quite  natural.     But  when  even  the  smallest  field 

*  This  subject  was  partially  treated   in   "Contemporary  Advances  in   Ph\sics, 
XXIX  .  .  .  ,"  April  1935  Bell  Sys.  Tech.  Jour. 
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strength  is  applied  to  such  a  substance,  you  might  expect  all  the  little 
magnets  to  turn  right  around  and  point  straight  up  the  field-direction, 
achieving  saturation  in  an  instant.  Well,  it  is  certain  that  saturation 
is  not  achieved;  but  still  there  is  some  degree  of  magnetization,  as 
though  the  little  magnets  all  started  to  turn  around  and  were  stopped 
before  they  got  very  far.  What  is  it  that  might  stop  them?  If  you 
look  at  the  books  of  twenty  or  twenty-five  years,  you  will  find  an 
answer:  they  are  stopped  by  the  collisions  which  these  atoms  make  with 
one  another.  This  is  the  classical  idea,  which  is  generally  thought  to 
be  well  verified  by  experiment.  But  let  us  look  into  the  matter  a  little 
more  closely. 

For  simplicity  let  us  imagine  a  gas — preferably,  unit  volume  of  the 
gas — composed  of  N  identical  atoms,  each  with  a  magnetic  moment  n, 
and  exposed  to  an  applied  field  H.  Visualize  some  particular  atom,  of 
which  the  career  is  an  endless  alternation  between  free  flights  and 
sudden  impacts.  All  the  time  the  magnetic  moment  of  the  atom,  the 
little  vector  of  which  I  have  been  speaking,  is  subject  to  a  torque  arising 
from  the  field.  The  classical  idea  is,  that  throughout  every  free  flight 
that  torque  is  steadily  bringing  the  vector  more  and  more  nearly  into 
alignment  with  the  field,  but  usually  not  having  time  enough  to  suc- 
ceed, because  at  every  collision  the  vector  is  suddenly  and  violently  re- 
directed in  a  perfectly  arbitrary  way.  Gradual  approach  to  alignment 
during  the  free  flights,  violent  dis-alignment  at  the  collisions,  and  the 
magnetization  of  the  substance  indicating  how  far  the  alignment 
progresses,  on  the  average,  before  the  dis-alignment  stops  it — this  is  the 
classical  picture.  It  all  seems  beautifully  obvious,  and  yet  is  it  now 
believed  to  be  entirely  false! 

The  trouble  lies  in  the  fact  that  the  atom  is  a  gyroscope.  You  recall 
that  it  is  one  of  the  oddities  of  the  gyroscope  that  when  you  apply  a 
torque  to  it,  it  starts  off  at  right  angles  to  the  direction  in  which  you 
expect  it  to  go.  Now  here  is  our  atom  just  leaving  the  scene  of  a  colli- 
sion with  its  magnetic  moment  making,  say,  an  angle  (f>  with  the  field- 
direction.  As  it  flies  away  the  torque  is  steadily  trying  to  reduce  the 
value  of  0,  but  instead  of  obeying,  the  atom  just  keeps  on  blandly  pre- 
cessing  about  the  field-direction,  the  value  of  <^  remaining  obstinately 
the  same.  The  unbreakable  link  between  magnetic  moment  and 
angular  momentum  has  neatly  killed  the  supposition  that  the  field 
magnetizes  the  gas  because  it  aligns  the  atoms,  or  partially  aligns  them, 
during  their  intervals  of  unimpeded  flight.  The  free  flights  are  just 
the  periods  when  nothing  whatever  happens  in  the  way  of  alignment. 
Much  labor  has  been  expended  in  the  hope  of  finding  some  way  out  of 
this  impasse,  but  none  has  been  revealed  except  that  of  supposing  that 
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whatever  is  the  mechanism  whereb>'  the  field  ahgns  the  atoms,  it  is  a 
mechanism  which  operates  during  the  impacts  and  not  between  them. 
Partial  alignment  at  the  collisions,  no  change  in  the  situation  during 
the  free  flights — this  amounts  pretty  nearly  to  standing  the  classical 
theory  on  its  head! 

Nevertheless  the  mathematics  of  the  classical  theory  remains  en- 
tirely unchanged.  This  is  because  the  mathematics  merely  expresses 
the  assumption  that  the  field  has  managed  to  find  some  way  of  partially 
aligning  the  atoms,  and  does  not  concern  itself  in  the  least  with  what 
that  way  may  be.  This  sounds  rather  vague,  so  let  me  remind  you 
just  what  the  assumption  is.  Suppose  to  begin  with  that  the  vectors 
of  the  atoms  are  capable  of  only  two  orientations  in  the  applied  field: 
one  parallel,  the  other  anti-parallel  to  the  field-direction.  To  transfer 
an  atom  from  the  one  orientation  to  the  other,  we  must  do  work  against 
the  torque  of  the  field  (or  receive  work  from  the  torque  of  the  field) 
amounting  to  2^H.  We  have,  therefore,  two  classes  of  atoms,  differing 
in  energy  by  2ixH.  Let  Ni  and  Nz  stand  for  the  numbers  in  these 
classes  at  some  particular  instant.  Now  the  classical  theory,  as  I  have 
been  calling  it,  is  strictly  no  more  than  the  assumption  that  the  ratio 
of  Ni  and  N2  is  given  by  Boltzmann's  theorem: 

NiINz  =  exp  (-  IfxHJkT)  (1) 

and  the  essence  of  this  assumption,  I  take  it,  is  that  the  atoms  are  able 
to  change  their  orientation  so  as  to  pass  from  either  class  to  the  other, 
and  that  they  employ  this  facility  of  free  passage  to  get  themselves  into 
thermodynamic  equilibrium  at  the  temperature  T  of  the  gas.  This  has 
been  the  assumption  ever  since  Langevin  founded  the  theory,  and  it 
still  is  the  assumption,  even  though  we  may  no  longer  enjoy  that 
pretty  picture  of  the  mechanism  of  the  change  of  orientation  which 
once  we  accepted,  and  have  no  other  to  replace  it. 

I  can  readily  write  down  the  complete  theory  of  this  case.  We  intro- 
duce the  two  additional  equations, 

iVi  +  iVo  =  iV,         /  =  (.Vi  -  iVo)M,  (2,  3) 

of  which  the  first  says  that  all  the  atoms  are  in  either  the  parallel  or  the 
anti-parallel  class,  and  the  second  that  the  magnetization  /  of  the  unit 
volume  of  gas  is  the  resultant  of  the  vectors  of  all  its  atoms.  Now  we 
eliminate  iVi  and  N2  between  the  three  equations,  and  swiftly  arrive  at 
the  result: 

I  =  NixtanhifiHlkT),  (4) 

which  is  the  equation  of  a  curve  starting  obliquely  off  to  the  right  from 
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the  origin,  and  bending  over  to  approach  an  asymptote  which  is  a 
horizontal  Hne  of  the  ordinate  Nn. 

At  this  point  a  strictly  classical  physicist  would  certainly  grin  or 
sneer,  because  he  would  say  to  himself:  "The  speaker  started  out  by 
assuming  for  simplicity  that  the  atoms  can  point  in  only  two  directions, 
and  now  he  has  gone  on  to  his  conclusions  without  remembering  the 
obvious  fact  that  an  atom  may  point  in  any  direction  whatever!" 
Well,  of  course  Langevin  did  make  allowance  for  that  supposedly 
obvious  fact;  it  complicates  the  affair  to  some  extent,  but  not  seriously, 
and  leads  to  a  very  similar  curve  for  /  versus  fxII;kT.  Quantum  me- 
chanics, however,  flatly  denies  that  it  is  a  fact.  I  mentioned  above 
that  the  atomic  gyroscope  has  some  paradoxical  properties  of  its  own, 
in  addition  to  those  which  it  shares  with  the  laboratory  gyroscope. 
Here  is  one  of  them.  The  atomic  magnet  is  supposed  to  be  able  to  set 
itself,  not  at  any  angle  whatever  with  respect  to  the  applied  magnetic 
field,  but  only  at  one  or  another  of  a  small  number  of  definite  discrete 
angles.  This  is  because  of  its  angular  momentum:  it  is  primarily  the 
angular  momentum  which  is  constrained  to  this  very  singular  behavior, 
and  which  the  magnetic  moment  is  automatically  obliged  to  follow 
because  they  are  so  closely  linked  together.  If  I  am  asked  why  the 
angular  momentum  should  behave  like  this,  I  can  only  reply  that 
according  to  what  I  am  told,  if  one  is  sufficiently  penetrated  with  the 
spirit  of  quantum  mechanics  it  seems  self-evident,  and  if  one  is  not 
sufficiently  penetrated  with  that  spirit  there  is  nothing  which  can  be 
done  to  help.  Notice  anyhow  that  it  is  compatible  with  the  statement 
that  when  the  atom  is  freely  flying  along,  the  field  just  keeps  it  precess- 
ing  about  the  field-direction,  instead  of  gradually  aligning  it;  and  there 
is  ground  for  being  thankful  that  this  derivation,  and  certain  others, 
are  somewhat  simplified  by  it.  It  may  be  asked,  how  many  diff'erent 
inclinations  are  permitted  to  the  atom?  This  depends  upon  the  angular 
momentum  of  the  atom,  and  we  can  tell  it  from  the  spectrum.  There 
are  certain  elements  and  certain  compounds  for  which  the  case  is  just 
as  simple  as  I  have  described  it;  just  two  permitted  orientations,  the 
parallel  and  the  anti-parallel,  and  no  more.  There  are  others  for 
which  the  permitted  inclinations  are  three  in  number,  others  for  which 
there  are  four,  five,  and  other  integers  up  to  fifteen  or  twenty.  All 
these  yield  curves  of  /  versus  nH/kT  having  the  same  general  traits, 
but  diff"ering  in  the  rate  at  which  they  approach  the  asymptote.  I  will 
refer  to  all  such  curves  as  "Langevin  curves,"  although  the  only  one 
which  Langevin  proposed  was  the  classical  curve  corresponding  to  the 
case  in  which  all  orientations  are  permitted  (or,  as  we  may  say,  there 
are  infinitely  many  permitted  orientations). 
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You  may  now  be  expecting  me  to  say  that  there  are  many  ^ases,  and 
possibly  other  substances  as  well,  for  which  experimental  curves  have 
been  obtained  that  are  comparable  with  these.  I  am  obliged  to  disap- 
point you.  You  can  readily  see  that  in  order  to  get  over  onto  the 
"curvy"  part  of  these  curves,  one  must  work  in  experimental  conditions 
in  which  the  argument  fxHjkT  is  greater  than,  or  anyhow  not  very  much 
less  than,  unity.  One  thinks,  of  course,  of  using  the  highest  accessible 
field  strengths  H  so  as  to  enhance  the  numerator  of  that  fraction. 
This,  however,  is  not  sufficient,  for  it  turns  out  that  /u.  (the  magnetic 
moment  of  an  atom  or  a  molecule)  is  so  very  small  that  one  is  obliged  to 
diminish  the  denominator  also  by  going  to  the  lowest  attainable  tem- 
peratures. All  the  experimental  curves  of  this  character  have  been 
obtained  at  temperatures  lower  than  15°  absolute,  some  at  tempera- 
tures between  1°  and  2°  absolute.  This  excludes  all  the  gases.  More- 
over, it  has  been  necessary  thus  far  to  choose  the  atoms  with  the  largest 
magnetic  moments,  and  these  turn  out  to  be,  quaintly  and  inconven- 
iently enough,  the  atoms  of  the  rare-earth  elements.  Probably  the 
best  of  the  experimental  curves  (Fig.  1)  relates  to  a  substance  which 
most  people  never  have  heard  of,  in  this  or  any  other  connection:  it 
is  gadolinium  sulphate.     There  are  about  a  score  of  such  curves  ob- 
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Fig.  1 — Magnetization  of  a  paramagnetic  salt  [Gd2(S04)3  ■\-  8H2O]  as  function  of 
the  parameter  a;  the  ordinate  is  /  referred  to  its  saturation-value   (deduced  bv 
extrapolation)  as  unit  y .     Data  from  Onnes  and  Woltjer.     The  curve  is  the  "classical 
l.angevin  curve  (number  of  permitted  orientations,  m  =   « )  which  is  hardly  distin- 
guishable from  the  quantum-theory  curve  for  this  particular  case  («  =  15). 
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tained  with  minerals  and  glasses  containing  these  elements,  and  most 
of  them  agree  well  with  one  or  another  of  the  theoretical  curves;  in 
which  connection  there  is  an  interesting  detail,  which  I  will  bring  up  at 
the  end  of  the  article.  One  would  scarcely  expect  a  theory  worked  out 
for  gases  to  apply  so  well  to  solids,  and  as  a  matter  of  fact  it  is  a  pe- 
culiarity of  the  rare-earth  atoms  that  even  when  incorporated  in  a 
compound  or  a  solid  they  behave  in  several  ways  more  like  the  atoms  of 
a  gas,  than  happens  with  any  other  elements. 

Pray  do  not  think,  however,  that  all  this  time  I  have  been  talking 
about  a  theory  which  has  no  application  excepting  to  the  rarest  of  all 
elements  under  the  rarest  of  all  temperatures.  Its  applications  are  a 
good  deal  wider  than  that.  True  it  is  that  with  gases  universally,  and 
with  other  substances  ordinarily,  we  cannot  get  data  along  the  curvy 
parts  of  the  curves;  but  we  can  make  measurements  along  the  sensibly- 
linear  parts  near  the  origin.  This  amounts  to  saying  that  we  can  de- 
termine the  slope  of  the  curve  at  the  origin.  Now  of  course  it  sounds 
ridiculous  to  speak  of  confirming  a  theoretical  curve  by  measuring  its 
tangent  at  one  point.  In  this  case,  however,  it  is  not  altogether 
ridiculous.  Usually  the  experiments  are  made  by  varying  H  and 
measuring  /  while  the  temperature  is  kept  constant.  Suppose  this  Is 
done  for  several  different  temperatures,  and  suppose  the  results  are 
plotted  by  using  H  instead  of  fxHjkT  for  the  abscissa.  Then  the  theory 
supplies  us  with  different  curves  for  the  different  temperatures,  all 
having  the  same  general  aspect,  but  different  slopes  at  the  origin.  I 
will  denote  these  slopes  for  the  time  being  by  tan  do.  The  theory,  then, 
requires  that  tan  do  should  be  proportional  to  I  IT;  and  for  gases,  this  is 
found  to  be  the  case.  Of  course  this  is  not  such  good  evidence  for  the 
theory  as  would  be  a  complete  following-up  of  the  curve  nearly  all  the 
way  to  the  asymptote;  but  it  is  pretty  good  by  itself,  and  for  further 
evidence  we  can  invoke  those  experimental  curves  for  gadolinium  sul- 
phate and  other  solids  of  which  I  just  spoke. 

If  now  we  let  ourselves  be  convinced  by  this  evidence,  a  valuable 
conclusion  follows.  From  the  slopes  of  these  curves  at  the  origin,  the 
value  of  n  can  be  deduced.  Let  us  go  back  to  the  curve  of  /  versus 
fj-HlkT  or  a,  which  is  the  epitome  of  all  the  rest.     We  write: 

dl/da  =  N,x(l  -  tanh^a),  (5) 

(dlldll) r=const.  =  (dllda) (dajdll)  =  ( 1  -  tanh^  a) Nfx ■  (iilkT) .     (6) 

Since  measurements  are  actually  made  at  a  fixed  temperature  and  refer 
to  the  slope  of  the  curve  near  zero  field  strength,  we  evaluate  this 
derivative  for  a  =  0,  and  we  get: 

tan  do  =  {dIldH)„^  o=  Nix'^jhT,  (7) 
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and  thus  from  the  measurement  of  do  at  any  temperature  we  derive 
the  magnetic  moment  of  the  individual  atom  or  molecule  of  the  gas. 
This  formula  ought  to  give  the  right  order  of  magnitude  for  /x  in  any 
case.  Whether  or  not  it  will  give  exactly  the  right  value,  will  depend 
on  the  validity  of  one  of  the  assumptions,  which  I  now  recall.  This 
particular  formula  is  for  the  case  in  which  the  atoms  have  only  two 
permitted  orientations  in  the  field,  the  parallel  one  and  the  anti- 
parallel  one.  Had  we  supposed  that  every  inclination  is  a  permissible 
one,  we  should  have  arrived  at  (ll3)NfjL^!kT.  Had  we  supposed  a 
number  of  permitted  inclinations  greater  than  two  and  less  than  in- 
finity, we  should  have  arrived  at  some  intermediate  value.  So,  I  now 
write  as  the  general  formula, 

volume-susceptibility  x  =  bN/jr/kT,         b  =  1  to  1/3,  (8) 

having  placed  on  the  left  the  name  and  the  symbol  by  which  is  generally 
known  what  I  have  been  denoting  by  tan  do,  and  on  the  right  a  factor  b 
of  which  the  value  will  depend  on  the  number — I  will  call  it  n — of 
permitted  orientations,  but  will  fortunately  never  be  outside  of  the 
narrow  range  between  unity  and  0.33. 

Thus  a  rough  estimate  of  an  atomic  moment  may  be  made  without 
knowing  the  number  of  the  permitted  orientations.  Very  many  such 
estimates  have  been  made,  and  they  always  give  values  of  fj.  quite 
compatible  with  what  we  know  in  general  about  the  structures  of  the 
atoms.  If  we  want  to  make  an  estimate  truly  accurate  enough  to 
serve  as  a  stringent  test  of  theory,  then  we  must  take  from  the  spectrum 
of  the  atom,  not  only  the  spectroscopic  value  of  magnetic  moment  with 
which  we  are  going  to  make  the  comparison,  but  also  the  angular 
momentum  of  the  atom  which  is  what  determines  the  number  of 
orientations.  This  causes  us  no  extra  trouble,  for  if  we  understand  the 
spectrum  well  enough  to  get  the  one  we  also  understand  it  well  enough 
to  get  the  other.  Now  when  we  look  into  the  literature  to  see  how 
many  such  comparisons  have  been  made,  we  suffer  again  a  disappoint- 
ment. It  turns  out  that  the  noble  gases  and  most  other  convenient 
gases  exhibit  the  magnetic  moment  zero.  This  is  of  course  no  fortuitous 
bit  of  ill  luck;  it  is  the  same  thing,  to  wit  a  certain  stable  interlocking 
of  the  various  electronic  orbits  and  rotations  in  the  atom,  which  leads 
on  the  one  hand  to  a  zero  magnetic  moment  and  on  the  other  hand  to  a 
relative  smallness  of  the  forces  which  make  for  chemical  combination 
and  for  condensation.  Anyhow  it  is  an  inconvenience;  but  luckily 
there  are  two  convenient  gases,  oxygen  and  nitric  oxide — O2  and  NO — 
which  do  have  magnetic  moments  different  from  zero;  and  the  test  of 
the  theory  is  in  these  cases  most  satisfactory.     The  agreements  be- 
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tween  the  magnetic  moments  calculated  from  magnetic  data  after  this 
fashion,  and  those  derived  from  the  spectra,  are  accurate  within  an 
experimental  uncertainty  of  a  few  promille.  I  think  that  these  are 
among  the  most  impressive  results  in  the  whole  structure  of  modern 
physics.  Then  in  addition  the  rare-earth  elements  help  us  out  again, 
owing  to  the  peculiarity  which  their  atoms  have  of  behaving,  even  when 
they  are  incorporated  into  solid  compounds,  as  though  they  were  the 
atoms  of  a  gas.  They  have  supplied  us  with  a  number  of  beautiful 
agreements  of  this  same  character. 

Now  as  a  transition  to  the  next  part  of  this  paper,  I  must  acquaint 
you  with  another  fact  which  belongs  to  this  last  part.  I  have  more  or 
less  been  allowing  you  to  suppose  that  with  solids  as  with  gases,  the 
susceptibility  is  generally  proportional  to  I'T.  Actually  it  is  much 
more  common,  among  solids,  to  find  a  law  of  the  type, 

X  =  const./(r  -  e),  (9) 

where  6  stands  for  a  constant  differing  from  one  substance  to  another. 
This  constant  is  evidently  of  the  dimensions  of  temperature;  it  is  a  sort 
of  "critical"  temperature,  known  as  the  paramagnetic  Curie  point;  the 
formula  usually  holds  for  a  broad  range  of  values  of  T  above  and  not 
too  close  to  Q.  (There  are  plenty  of  cases  where  even  this  formula  will 
not  fit,  but  we  will  not  concern  ourselves  with  them.)  You  see  that 
this  might  be  taken  as  meaning,  that  for  temperatures  greater  than  6 
the  substance  is  more  strongly  magnetized  by  any  particular  field 
strength  than,  by  our  previous  theory,  we  should  expect  it  to  be.  It 
might  even  be  taken  as  suggesting,  that  in  addition  to  the  applied  field 
which  we  produce  ourselves  by  a  horseshoe  magnet  or  something  of  the 
kind,  there  is  an  extra  field  arising  within  the  substance  itself,  which 
helps  along  with  the  magnetization.  Now  this  is  just  the  suggestion 
which  physicists  have  accepted.  Of  course  it  is  necessary  to  make  some 
specific  assumption  about  this  extra  or  internal  field,  in  order  to  arrive 
at  the  empirical  law  which  I  just  wrote  down.  The  required  assump- 
tion turns  out  to  be  simple  and  gratifying.  It  is  necessary  and  suffi- 
cient to  assume  that  inside  the  magnetized  substance,  there  arises  an 
extra  field  which  is  proportional  to  the  magnetization  I  itself.  Hitherto 
we  have  been  supposing  that  the  torque  acting  upon  an  atomic  magnet 
is  directly  and  entirely  due  to  the  applied  field  //,  and  we  have  been  led 
to  the  law  that  x  varies  inversely  as  T.  Now  we  are  going  to  suppose 
that  the  torque  is  due  to  a  field  (//  +  .4/) ;  and  this  will  lead  us,  by  way 
of  the  equation 

/  =  A'Mtanh  {II  +  AI):kT  (10) 
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to  the  law  tluU  X  varies  iinersely  as  (7^  —  6).  The  coiislaiU  A  is  one 
which  we  adjust  so  as  to  get  the  empirical  value  of  the  constant  d. 
It  is  pleasant  to  be  able  to  say  that  this  constant  /I  —that  is  to  say,  the 
hypothetical  extra  held — does  not  meddle  at  all  with  the  multiplying 
factor:  the  theory  allows  us  to  write: 

_      bNfjr        6  depending  ov\  A 

k(T  —  6)    b  depending  on  w  ^     ^ 

and  (if  it  is  the  right  theory,  of  course!)  we  can  go  on  estimating  atomic 
moments  for  substances  of  this  category  just  as  well  as  we  can  for  the 
substances  for  which  6  is  zero.  Most  published  values  of  fx  correspond 
to  such  cases. 

I  am  going  to  say  very  little  about  the  extra  field,  or  "Weiss  field" 
as  it  is  often  called,  because  it  is  still  one  of  the  mysteries  of  physics. 
One  realizes  readily,  of  course,  that  if  all  the  little  atomic  magnets  turn 
themselves  partially  or  totally  Into  alignment,  each  one  of  them  ex- 
periences a  magnetic  torque  which  is  due  to  all  the  rest.  It  may  be 
shown  that  this  is  proportional  to  the  magnetization  /,  which  looks 
very  promising  indeed;  but  alas,  when  it  is  calculated  its  magnitude 
turns  out  to  be  thousands  of  times  too  small.  People  used  to  say  that 
.47  must  be  a  field  of  non-magnetic  origin,  which  is  just  another  way  of 
saying  the  same  thing.  At  present  it  is  commonly  believed  that  the 
force  in  question  is  what  is  called  an  "exchange"  force,  that  is  to  say, 
an  electrostatic  force  among  electrons,  of  which  the  modus  operandi  can 
be  discovered  only  by  quantum  mechanics.  I  am  told  that  this 
quantum-mechanical  theory  has  not  yet  been  persuaded  to  deliver  a 
really  satisfactory  result;  but  probably  we  shall  be  obliged  to  accept  it 
in  default  of  any  other. 

Now  I  call  your  attention  to  the  fact  that  if  the  temperature  should 
be  made  equal  to  or  lower  than  6,  this  last  equation  would  predict 
something  very  wild  and  strange:  an  infinite,  or  a  negative,  suscepti- 
bility. This  is  a  curious  situation,  and  there  are  several  cases  in  which 
we  can  appeal  to  experiment  to  resolve  it.  Take  the  elementary  metal 
nickel,  for  example;  if  one  measures  the  susceptibility  over  the  range 
between  400°  and  900°  C.  one  gets  a  gorgeous  curve  of  just  this  charac- 
ter, for  which  the  value  of  6  is  around  370°;  now  if  one  investigates 
nickel  at  temperatures  below  370°,  say  around  room-temperature,  one 
learns  that  it  \s  ferromagnetic.  The  same  holds  true  for  iron,  for  cobalt, 
for  a  diversity  of  alloys,  except  that  6  varies  from  one  case  to  another.* 

*  There  are  however  cases  in  which  the  substance  does  not  display  the  distinguish- 
ing marks  of  ferromagnetism  (notabh-  remanence)  when  I  <  6;  ant!  incidentally 
there  are  cases  in  which  6  is  negative;  all  of  these  are  knotty  problems  for  theor\-. 
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I  will  just  refer  to  one  additional  case,  because  it  is  of  very  recent  dis- 
covery and  relates  to  that  rare  element  which  is  so  helpful  in  magnetics 
and  seems  to  be  so  useless  for  anything  else:  I  mean  gadolinium. 
Metallic  gadolinium  has  a  value  of  0  amounting  to  about  300°  absolute. 
Well,  last  spring  Trombe  at  Strasbourg  investigated  this  metal  at  low 
temperatures  and  found  that  it,  too,  is  ferromagnetic,  even  more  so 
than  iron  itself.  Incidentally  most  of  the  rare-earth  elements  have  not 
yet  been  prepared  in  pure  metallic  form,  and  it  looks  as  though  we 
might  almost  count  on  turning  up  some  more  cases  of  this  kind.  All 
this  brings  me  to  the  question  oi  Jerromagnetism. 

I  do  not  suppose  that  any  of  my  readers  thinks  that  it  is  ferromagne- 
tism  of  which  I  have  thus  far  been  speaking,  but  for  the  sake  of  com- 
pleteness I  will  give  the  name :  up  to  this  point  we  have  been  considering 
paramagnetic  bodies,  and  explaining  their  behavior  by  the  orientations 
of  atoms  in  fields.  Now  we  turn  to  the  properties  of  iron,  cobalt, 
nickel,  various  alloys  and  compounds  of  these,  various  alloys  con- 
taining manganese,  and  gadolinium:  the  ferromagnetic  substances. 

The  most  confusing  thing  about  ferromagnetism — at  least  if  my  own 
experience  as  a  student  is  any  guide — the  most  confusing  thing  is,  that 
the  /-vs-i7  curve  of  a  ferromagnetic  substance  reminds  one  of  the  sort  of 
thing  that  the  Langevin  theory  is  meant  to  explain,  and  yet  it  is  not 
that  sort  of  thing  at  all.  One  looks  at  the  Langevin  curve  with  its 
approach  to  saturation,  and  then  one  thinks  of  the  curve  for  iron  wath 
its  approach  to  saturation,  and  one  cannot  help  but  think  that  the  two 
must  correspond  to  each  other  except  for  minor  and  trivial  details. 
Well,  they  do  not.  They  differ  not  alone  in  trivial  details,  but  in  every 
possible  way,  excepting  the  solitary  common  feature  of  the  approach 
to  a  horizontal  asymptote. 

It  is  really  impossible  to  put  this  statement  too  strongly.  The 
Langevin  curve  and  the  iron  curve  differ  in  shape,  as  any  sketch  (cf. 
Figs.  1  and  2)  will  show^  They  difTer  utterly  in  scale.  If  I  were  to 
start  to  put  a  Langevin  curve  on  the  same  plot  where  an  iron  curve 
appears  with  suitable  detail,  not  only  would  it  be  sensibly  linear  for 
thousands  and  thousands  of  miles,  but  it  would  not  even  rise  appreci- 
ably ofT  the  axis  for  hundreds  of  miles.  Conversely  if  I  had  tried  to  put 
the  curve  for  a  ferromagnetic  body  upon  the  same  graph  as  the  Lange- 
vin curve,  the  former  would  have  consisted  only  of  the  axis  of  ordinates 
plus  the  horizontal  asymptote.  Finally,  the  temperature  relations  are 
all  wrong.  I  told  you  that  in  the  Langevin  curve  the  slope  near  the 
origin  varies  inversely  as  temperature,  and  I  left  you  to  infer  that  the 
ordinate  at  saturation  is  independent  of  temperature.  In  the  curve  for 
iron,  the  slope  near  the  origin  goes  up  with  the  temperature,  and  the 
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ordiiKito  at  saturation  ^oes  down  as  the  temperature  goes  up.  And  yet, 
we  interpret  ferromaj>;netism  by  what  is  essentially  an  atomic  theory: 
that  is  to  say,  we  suppose  that  any  piece  of  iron  is  an  aggregate  of  httle 
magnets  each  having  a  constant  magnetic  moment  (so  long  as  the 
temperature  is  kept  constant)  and  that  magnetization  of  iron  consists 
in  aligning  these  magnets. 

I  think  it  instructive  to  refer  to  these  little  magnets  by  the  name  of 
"atom,"  with  some  distinctive  prefix;  so,  for  a  few  minutes,  I  will  call 
them  "super-atoms,"  though  this  is  not  the  customary  name.  When  a 
piece  of  iron  is  unmagnetized  or  demagnetized,  the  super-atoms  are 
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Fig.   2 — Magnetization  of  a  ferromagnetic  material   (81   permalloy,  annealed  two 
minutes  at  1000°  C);  the  ordinate  is  I.     Data  by  P.  P.  Cioffi. 

pointing  in  all  directions  at  random,  just  like  the  individual  atoms  of  a 
paramagnetic  gas  which  is  unmagnetized.  When  a  magnetic  field  is 
applied  to  the  unmagnetized  iron,  the  super-atoms  get  more  or  less 
aligned  with  one  another.  If  the  field  is  strong  enough  they  are 
perfectly  aligned,  and  there  exists  what  is  usually  called  "saturation" 
of  the  iron.  Now  it  is  worse  than  useless  to  remember  about  Boltz- 
mann's  theorem,  or  impacts,  or  free  flights  between  impacts,  for  all 
those  concepts  have  no  relevance.  We  have  to  look  at  the  phenomena, 
and  see  what  they  require. 
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We  see  at  once  that  the  super-atoms  must  be  very  easy  to  ah^n, 
because  saturation  comes  so  quickly,  with  so  rehitively  small  a  held 
strength.  We  learn  also  that  when  they  are  aligned,  they  are  not 
exposed  to  the  incessant  urge  to  utter  dis-alignment  which  afflicts  the 
atoms  of  a  paramagnetic  substance,  for  iron  continues  to  be  magnetized 
when  the  field  is  withdrawn;  not  fully  magnetized,  as  a  rule,  but  con- 
siderably so.  Heretofore  I  have  been  talking  of  substances,  in  which 
the  atoms  have  a  natural  state  of  perfect  dis-alignment  or  random 
orientation ;  a  moderate  field  can  derange  it  only  a  little,  and  the  atoms 
return  to  it  instantly  and  invincibly  as  soon  as  the  field  is  cancelled. 
Now  I  am  talking  of  substances  in  which  the  super-atoms  seem  to  have 
no  single  natural  state  at  all;  a  moderate  field  aligns  them  with  ease, 
and  when  it  is  removed  they  like  to  linger  in  their  alignment.  The 
phenomena  become  clearer  when  we  experiment  not  with  ordinary  iron, 
which  is  a  chaotic  mass  of  tiny  crystals,  but  with  a  single  large  crystal. 
It  turns  out  then  that  the  super-atoms  have  a  mighty  preference  for 
pointing  along  the  cubic  axes  as  distinguished  from  all  the  other 
directions;  but  as  between  these  three  cubic  axes,  and  as  between  the 
two  opposite  senses  along  each  of  the  three,  they  seem  to  be  well 
satisfied  with  any.  Suppose  for  definiteness  that  I  have  a  cubic 
crystal  of  iron  with  one  of  its  axes  vertical,  another  in  the  meridian  and 
the  third,  of  course,  pointing  east  and  west.  Then  if  the  crystal  is 
unmagnetized,  one  sixth  of  the  super-atoms  may  be  pointing  east  and 
one  sixth  west,  one  sixth  pointing  north  and  one  sixth  south,  one  sixth 
pointing  up  and  one  sixth  down.  (I  do  not  say  that  this  is  necessarily 
the  case,  but  it  may  be.)  Now  if  I  apply  to  the  crystal  a  moderate 
magnetic  field  pointing  north,  the  one  sixth  of  the  super-atoms  which 
were  already  pointing  north  will  not  be  affected,  but  all  the  other  five 
sixths  will  flop  right  over  and  imitate  them.  It  is  amazing  how  small 
a  field  will  suffice  to  do  this:  100  cersteds  for  a  good  single  crystal, 
whereas  100,000  oersteds,  as  I  suggested,  are  not  enough  to  bring  the 
ordinary  paramagnetic  substance  at  room-temperature  anywhere  near 
to  saturation.  If  next  I  cancel  the  field,  the  five  sixths  of  the  super- 
atoms  which  came  over  to  the  northward  orientation  will  not  be 
irrestibly  urged  to  hasten  back  to  their  previous  habit:  indeed  if  I 
manage  to  avoid  mechanical  shocks  and  jarrings,  most  of  them  may 
linger  indefinitely,  still  pointing  in  the  direction  to  which  the  vanished 
field  once  tempted  them.  Some  readers  may  notice  an  odd  resemblance 
between  this  and  the  earlier  case,  in  that  the  super-atoms  have  a  finite 
number  of  discrete  orientations,  just  as  the  atoms  do.  This  resemb- 
lance is,  however,  so  superficial  and  (probably)  misleading,  that  I 
might  not  even  mention  it  if  I  could  be  sure  that  it  had  not  been 
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observed.  To  state  two  points  of  difference  among  many:  the  "per- 
mitted" directions  for  the  super-atoms  depend  upon  the  crystal  struc- 
ture, those  for  the  atoms  depend  upon  the  field-direction  and  the 
angular  momentum  of  the  atom;  and  if  one  applies  a  field  to  a  single 
crystal  in  any  direction  oblique  to  all  of  the  cubic  axes,  the  super-atoms 
will  consent  to  point  in  that  direction,  provided  the  field  strength  is 
rather  high. 

Now  I  must  explain  what  these  super-atoms  are,  since  our  under- 
standing of  them  is  one  of  the  most  satisfactory  features  in  our,  as  a 
whole  very  imperfect,  theory  of  ferromagnetism.  They  are  groups — 
commonly  called  domains — of  adjacent  individual  atoms;  the  member- 
atoms  of  each  domain  are  behaving  like  the  atoms  of  a  paramagnetic 
solid.  A  diagram  of  a  ferromagnetic  solid  might  be  drawn  as  an 
assemblage  of  large  arrows,  each  representing  the  magnetic  moment 
of  a  single  domain;  then,  around  and  beside  each  of  these  large  arrows 
might  be  drawn  a  lot  of  small  arrows  representing  the  magnetic  mo- 
ments of  the  individual  atoms  constituting  the  group;  the  big  arrow 
would  be  the  resultant  of  all  the  little  ones.  It  would  not  be  practic- 
able to  do  this  accurately,  for  there  would  have  to  be  millions,  or 
millions  of  millions,  of  little  arrows  to  each  of  the  big  ones ;  but  even  a 
few  suffice  to  show  the  idea.  It  may,  however,  be  recalled  that  I 
have  lately  said  that  the  atoms  of  a  paramagnetic  body  have  an  ir- 
restible  urge  to  be  in  a  state  of  random  orientation  whenever  there  is 
no  applied  field  acting  upon  them.  The  resultant  of  all  the  little 
arrows  of  a  domain  should  then  be  zero.  How  can  it  have  a  magnitude 
which  is  not  merely  different  from  zero,  but  (on  the  scale  customary 
for  such  things)  very  considerable,  and  independent  of  the  field 
strength  which  is  applied  to  the  iron.'' 

The  answer  to  this  question  is  given,  and  very  well  given,  by  that 
extra  field  or  "Weiss  field"  within  the  group,  which  I  first  mentioned 
in  connection  with  the  constant  6  which  paramagnetic  solids  exhibit. 
It  will  be  remembered  how  this  constant  is  explained  by  assuming  that 
the  torque,  which  acts  on  any  one  of  the  atomic  magnets,  is  due  not 
entirely  to  the  applied  field  //  but  to  the  resultant  of  that  and  an  extra 
field  .4/  which  is  proportional  to  the  magnetization  /  of  the  body.  We 
have  already  had  the  equation  (10)  which  links  /  and  H  when  this 
extra  field  is  present.  Now  striking  H  altogether  out  of  that  equation, 
we  arrive  at  this  one : 

I  ^  Nfi  tanhiiJiAI/kT)  (12) 

which  refers  to  a  situation  in  which  there  is  no  applied  field  at  all. 
This  may  be  regarded  as  an  equation  for  /,  fixing  the  value  or  values 
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of  /  which  can  exist  in  this  situation.  Now  everything  which  I  have 
said  so  far  encourages  the  reader  to  suppose  that  the  only  possible 
value  of  /  in  the  situation  is  zero ;  and  as  a  matter  of  fact,  zero  is  always 
a  solution  of  this  equation.  But  suppose  that  there  should  be  another 
solution,  different  from  zero.  The  equation  would  then  assert,  that 
if  somehow  that  value  of  magnetization  should  arise  in  the  substance, 
then  the  extra  field  would  also  arise,  and  in  just  the  right  magnitude 
to  maintain  that  magnetization  perpetually,  without  any  aid  in  the 
form  of  a  field  applied  from  t'  '^  outside. 

Well,  the  equation  is  not  exactly  easy  to  solve  for  /,  but  it  can  b 
mastered— most  conveniently  by  a  graphical  way — and  the  striking  re- 
sult is  reached,  that  if  T  is  greater  than  d  there  is  no  other  solution 
than  7  =  0,  but  if  T  is  less  than  B  there  is  a  second  solution.  I  will 
denote  this  other  by  Iw  Consider,  then,  the  situation  when  there  is 
no  applied  field :  if  the  temperature  is  higher  than  6,  I  repeat  what  I 
have  been  saying  all  along,  that  random  orientation  of  the  atomic 
magnets  is  inevitable;  but  when  the  temperature  is  lower  than  6,  then 
there  is  another  possibility:  there  is  a  stable  alignment  of  the  atomic 
magnets  entailing  this  value  Iw  of  the  magnetization,  which  can 
maintain  itself  indefinitely  if  it  should  ever  come  into  being.  Do  not 
leap  to  the  other  extreme,  and  suppose  that  this  is  a  perfect  alignment 
of  the  atomic  magnets  and  hence  a  perfect  saturation  of  the  domain. 
Such  a  situation  could  exist  (according  to  the  theory)  only  at  absolute 
zero.  The  equation  gives  us  Iw  as  function  of  T,  and  this  function 
declines  smoothly  from  the  value  Njx  (for  a  domain  of  unit  volume!) 
at  absolute  zero,  to  the  value  zero  at  T  =  6.  The  curve  between  these 
two  points  is  completely  determined  by  the  values  of  n  and  6,  which 
are  derived  in  such  ways  as  I  have  indicated  from  the  magnetic  prop- 
erties of  the  substance  at  the  higher  temperatures  well  above  6. 

And  now,  the  culmination.  The  so-called  saturation  of  iron — the 
ordinate  of  the  I-\s-H  curve  when  it  flattens  out  and  becomes  sensibly 
parallel  to  the  axis  of  abscissae- — is  itself  (as  I  mentioned)  a  function  of 
temperature;  it  is  this  same  function  (Fig.  3).  What  is  usually  called 
"saturation"  with  ferromagnetic  bodies  consists  in  aligning  the  big 
arrows  of  the  domains.,  so  that  in  unison  of  direction  they  exhibit  that 
value  of  magnetization  which  is  dictated  by  their  internal  temperature 
and  internal  field.  "True"  saturation — "saturation  of  saturations" 
— the  alignment  of  the  atoms  within  each  domain  superposed  on  the 
alignment  of  the  domains  with  the  field — this  can  be  attained  only  at 
the  absolute  zero  of  temperature.  We  are  able,  however,  to  work  at 
temperatures  so  close  to  absolute  zero,  that  the  remaining  degree  of 
extrapolation  is  slight;  and  we  are  able,  therefore,  to  give  with  much 
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confidence  values  for  the  true  saturation  of  iron,  nickel,  cobalt,  gado- 
linium, and  many  ferromagnetic  alloys. 

(The  reader  may  properly  wonder  why,  instead  of  solving  equation 
(12)  obtained  by  putting  H  —  0  in  equation  (10),  it  is  not  the  practice 
to  put  for  //  the  field  strengths  actually  applied  to  iron  when  aligning 
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Fig.  3 — Intrinsic  magnetization  plotted  against  T/d,  for  the  domains  of  three 
ferromagnetic  elementary  metals  (the  constant  6  has  different  values  for  the  three). 
The  ordinate  is  /„  referred  to  its  saturation-value  (deduced  by  extrapolation)  as  unity. 
The  curves  are  theoretical,  the  dashed  one  by  classical  theory  (»  =  « ),  the  full  one  by 
quantum-theory  (w  =  2). 

the  domains  or  in  any  other  circumstances,  and  to  solve  the  equation 
(10)  under  these  conditions?  This  of  course  is  the  correct  procedure, 
but  in  ferromagnetic  bodies  ^/  is  usually  so  enormous  by  comparison 
with  //,  that  the  latter  may  be  disregarded  without  appreciable 
error.) 
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One  naturally  asks  about  the  size  and  the  magnetic  moment  of  the 
domains.  It  is  useless  to  remember  how  the  latter  was  determined 
for  paramagnetic  bodies  from  the  features  of  their  I-vs-II  curves, 
since  the  theory  which  made  that  possible  is  not  applicable  here. 
Moreover,  the  super-atoms  share  with  ordinary  atoms  the  quality  of 
being  invisible:  no  feature  of  the  ordinary  surface  of  a  metal  indicates 
them,  and  no  technique  of  etching  the  surface  seems  able  to  delineate 
them.  (It  must  be  said,  however,  that  ferromagnetic  powders 
sprinkled  over  ferromagnetic  metals  may  distribute  themselves  in 
remarkable  picturesque  patterns,  and  perhaps  these  sometimes  simu- 
late the  pattern  of  the  underlying  domains.*)  But  fortunately  the 
super-atoms  are  not  inaudible;  at  least,  it  is  not  a  very  extravagant 
statement  to  say  that  they  can  be  heard.  Let  a  girdle  of  wire  around 
a  rod  of  some  ferromagnetic  substance  be  connected  through  an 
amplifier  with  a  microphone,  and  let  a  gradually-increasing  magnetic 
field  act  lengthwise  on  the  rod:  the  microphone  will  then  emit  a 
machine-gun  patter  of  sharp  clicks  (with  suitable  amplification  it  may 
be  very  dramatic!)  each  of  which  corresponds  to  the  sudden  shift  of 
the  magnetic  moment  or  "big  arrow"  of  a  domain  from  one  of  its 
possible  orientations  to  another.  Now  if  an  electrical  instead  of  an 
acoustical  device  is  attached  to  the  girdle  of  wire,  the  magnitude  of 
the  moment  which  thus  re-orients  itself  at  a  single  click  may  be 
assessed.  It  turns  out  that  the  moments  are  of  very  various  magni- 
tudes; a  mean  may,  however,  be  estimated,  and  this  mean  is  some  10'^ 
times  as  great  as  the  moment  of  a  single  atom.  Therefore  the  average 
domain  comprises  a  million  billions  of  atoms,  and  must  therefore  be 
about  .002  cm  in  breadth ;  but  there  is  a  wide  range  of  sizes  about  the 
average.  As  for  the  individual  atoms  of  the  ferromagnetic  metals, 
their  moments  may  be  derived  from  equating  Nn  to  the  values  (ob- 
tained by  extrapolation  from  observations  at  various  low  temperatures, 
to  absolute  zero)  of  that  "saturation  of  saturations"  defined  above. 
They  are  by  no  means  out  of  the  common.  Iron  and  its  congeners  are 
readily  magnetizable,  not  because  their  atoms  are  extraordinarily 
magnetic — which  is  not  at  all  the  case- — but  because  their  atoms  have 
this  curious  propensity  of  cohering  together  in  large  groups,  developed 
to  an  extraordinary  degree. 

To  many  features  of  ferromagnetism,  of  which  whole  monographs 
might  be  or  have  been  written,  I  can  give  only  brief  mention  or  none 
at  all.  There  are  the  "magneto-caloric  effects,"  arising  because, 
when  a  ferromagnetic  body  is  heated,  the  dis-alignment  of  the  atoms 

*  Cf.  the  article  of  R.  M.  Hozorth  in  the  preceding  number  (January  1936)  of  this 
Journal. 
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within  each  domain  increases,  and  this  increase  requires  additional 
heat  over  and  above  that  which  goes  to  augment  the  kinetic  energy 
of  the  atoms.  The  specific  heat  of  iron  (as  of  its  congeners)  is  greater 
than  it  would  be,  but  for  this  effect;  the  excess  may  be  computed  from 
the  foregoing  theory  as  function  of  temperature,  and  the  computed 
values  agree  with  the  data  to  an  extent  which  speaks  very  strongly 
for  the  theory.  (The  like  is  the  case  with  a  paramagnetic  body 
exposed  to  a  magnetic  field;  and  as  a  result,  such  a  body  will  grow 
cooler  when  the  applied  field  is  withdrawn,  the  kinetic  energy  of  the 
atoms  being  levied  upon  when  the  dis-alignment  occurs.  The  effect 
is  imperceptible  in  usual  circumstances,  but  with  such  substances  as 
iron-ammonium  alum  at  liquid-helium  temperatures,  it  becomes  so 
strong  that  the  lowest  temperatures  ever  achieved  have  been  attained 
by  making  use  of  it.)  There  are  the  " magnetostrictive  effects," 
arising  because,  w^hen  the  atoms  of  the  domains  change  their  orienta- 
tion, the  metal  as  a  whole  is  strained.  It  follows  that  there  are 
interrelations  between  magnetization,  strain,  and  stress;  and  anyone 
remembering  even  a  little  of  the  mathematical  theory  of  elasticity 
with  its  moduli  and  its  stress-strain  tensors  will  readily  believe  that 
the  theory  of  these  interrelations  is  marvelously  complicated.  As 
one  sensational  example  of  the  consequences,  I  cite  the  fact  that  when 
a  certain  permalloy  is  exposed  to  a  field  of,  say,  one  half  of  one  gauss, 
its  magnetization  ranges  between  a  few  per  cent  and  nearly  one  hun- 
dred per  cent  of  saturation,  according  to  the  strength  of  the  tensile 
stress  applied  to  it.  The  many  processes  of  the  metallurgical  arts 
have  often  vast  effects  upon  the  magnetic  properties  of  the  ferro- 
magnetic metals  exposed  to  them:  some  are  due  to  the  changes  in  the 
elasticity  and  hence  in  the  magnetostrictive  effects,  some  to  the 
changes  in  the  chemical  constitution  (e.g.  in  the  proportion  of  im- 
purities), some  to  the  changes  in  phase  (of  alloys)  which  these  processes 
entail ;  but  it  would  be  risky  to  affirm  that  they  have  all  been  traced 
to  one  or  another  of  these  causes.  The  finer  details  in  the  shape  of 
the  I-vs-II  curve  for  ferromagnetics  remain  to  be  explained,  and  to 
account  for  one  of  them  it  seems  to  be  thought  necessary  to  assume 
that  the  domains  may  gain  or  lose  in  size  at  one  another's  expense; 
it  is  too  bad  that  this  impairs  the  concept  of  the  domain  as  an  immu- 
table super-atom.  I  leave  without  overmuch  regret  this  infinitely 
detailed  and  complicated  topic,  to  conclude  by  brief  allusions  to  the 
spinning  electron  and  to  diamagnetism. 

Hitherto  in  these  pages  I  have  let  it  be  inferred  that  when  we  obtain 
the  magnetic  moment  of  the  atom  of  some  element  or  the  molecules  of 
some  compound   by  magnetic  experiments  upon   the  substance,   it 
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always  agrees  with  the  "theoretical"  value  derived  from  the  spectrum 
of  that  substance  when  a  gas.  This  is  indeed  the  case  with  gases  and 
even  with  a  certain  number  of  solids,  a  large  enough  number  to  inspire 
confidence  in  the  theory.  There  are,  however,  numerous  exceptions 
among  solids — a  circumstance  not  to  be  wondered  at,  since  an  atom 
incorporated  in  a  solid  is  usually  in  a  very  different  condition  from  an 
atom  freely  wandering  about  in  a  gas.  The  like  is  true  about  that  num- 
ber «,  the  "number  of  permitted  orientations  of  the  atom  in  a  field," 
which  was  introduced  near  the  beginning  of  the  article.  Either  the 
trend  of  the  I-vs-H  curve  for  a  paramagnetic,  or  the  trend  of  the 
/u-vs-iJ  curve  for  a  ferromagnetic,  enables  us  (if  it  has  been  sufificiently 
well  measured)  to  ascertain  the  value  of  n ;  and  in  a  surprising  number 
of  instances,  comprising  iron,  cobalt  and  nickel  as  well  as  various  rare- 
earth  elements  in  chemical  compounds,  the  curves  prescribe  the  value 
two,  when  the  free  atom  according  to  its  spectrum  would  display  some 
other  value.  Thus  when  the  atoms  are  compacted  together  into  a 
solid,  their  proximity  afifects  them  in  such  a  way  as  to  bring  about  this 
result. 

Now  the  important  point  about  this  value  two  for  n  is,  that  it  is  the 
value  to  be  expected  for  an  electron  which  is  either  isolated,  or  else 
linked  to  its  atom  in  such  a  way  that  it  has  no  orbital  angular  momen- 
tum. The  contemporary  theory  of  spectra  includes,  as  one  of  its 
essential  elements,  the  postulate  of  the  "spinning  electron" — the  pos- 
tulate that  each  electron  by  itself  is  endowed  with  an  intrinsic  and 
indestructible  angular  momentum  and  magnetic  moment,  of  definite 
known  amounts,  having  nothing  whatever  to  do  with  its  orbital 
revolutions.^  This  angular  momentum  or  "electron-spin"  is  of  the 
amount  which  requires  n  =  2,  when  it  is  not  compounded  with  an 
angular  momentum  of  orbital  motion  or  with  angular  momenta  of 
other  electrons.  The  atoms  in  question  behave,  when  compacted 
into  solids,  as  though  this  angular  momentum  of  individual  spinning 
electrons  were  the  only  one  left  outstanding. 

This  striking  inference  is  greatly  strengthened  by  measurements 

upon  the  one  phenomenon  in  which  that  angular  momentum,  which 

according  to  atomic  theory  is  always  the  companion  of  magnetic 

moment,  comes  to  light.     Imagine  a  cylinder  of  some  paramagnetic  or 

ferromagnetic  substance,  hanging  freely  from  a  suspension  attached 

to  one  end.     Suppose  it  to  be  unmagnetized  at  first;  this  signifies 

that  the  atoms  (whether  or  not  they  are  grouped  into  domains)  are  so 

oriented  that  the  resultant  of  all  their  angular  momenta,  as  well  as 

*  The  reasons  furnished  by  spectroscopy  for  making  this  postulate  are  much  too 
complex  to  be  interpolated  in  this  article:  I  refer  to  the  first  fourteen  pages  of  "Con- 
temporary Advances  in  Physics,"  XXIX,  this  Journal,  14,  285-321  (April  1935). 
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that  of  all  their  magnetic  moments,  are  zero.  Now  suppose  that  a 
field  is  suddenly  applied,  parallel  to  the  axis  of  the  cylinder.  The 
substance  is  suddenly  magnetized;  this  signifies  that  the  resultant 
of  the  magnetic  moments,  and  hence  that  of  the  angular  momenta, 
are  no  longer  zero.  Let  /  stand  (as  heretofore)  for  the  former  re- 
sultant, and  P  for  the  latter.  Now  it  is  desirable  to  remember  that 
each  atom  consists  of  a  nucleus  and  an  electron-family;  that  the 
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Page  245:     Last  sentence,  "  Its  lowest  possible  value  (from  theorv)  is 
e/2uic,  in  which  c,  in,  and  c  have  their  usual  meanings;" 

should  read 


V 


"  One  pre-eminent  value  (from  theory)  is  c/2nic,  in  which 
e,  m,  and  c  have  their  usual  meanings ;  " 


Page  246 :     First    sentence,    '*  Its    highest    possible    value    is    twice    as 
great ;  " 

should  read 

"  Another  pre-eminent  value  is  twice  as  great ;  " 
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is  a  rare  sort  of  thing:  it  is  a  quantity  of  which  the  numerical  value, 
measured  on  pieces  of  bulk  matter,  is  appropriate  also  to  the  elemen- 
tary particles.  If  the  substance  is  made  up  of  identical  elementary 
magnets  of  magnetic  moment  m  and  angular  momentum  p,  then  I/P 
is  fx/p.  Since  /z  and  p  are  knowable  from  spectra,  so  also  is  their  ratio. 
Its  lowest  possible  value  (from  theory)  is  e/lmc,  in  which  e,  m,  and  c 
have  their  usual  meanings;^  this  would  always  occur  if  the  electrons 
had  no  spins;  actually  it  occurs  if  the  electron-family  of  the  atom  is  so 

*  Most  nuclei  possess  magnetic  moments,  which,  however,  are  so  excessively  small 
that  they  can  be  detected  only  by  experiments  of  extreme  delicacy. 

*  Charge  (in  E.S.U.)  and  mass  of  the  electron,  and  speed  of  light  in  vacuo.  For  the 
theory  underlying  these  statements,  c.f.  I.e.  pp.  285-300.  Often  the  ratio  of  the 
experimental  value  of  nip  to  the  quantity  ejltnc  is  called  an  "experimental  g-value," 
the  ratio  of  the  theoretical  value  to  elZmc  being  conventionally  denoted  by  g. 
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always  agrees  with  the  "theoretical"  value  derived  from  the  spectrum 
of  that  substance  when  a  gas.  This  is  indeed  the  case  with  gases  and 
even  with  a  certain  number  of  solids,  a  large  enough  number  to  inspire 
confidence  in  the  theory.  There  are,  however,  numerous  exceptions 
among  solids — a  circumstance  not  to  be  wondered  at,  since  an  atom 
incorporated  in  a  solid  is  usually  in  a  very  different  condition  from  an 
atnm  frppl  vwandprincr  ahniit  in  a  frpR       The  like  is  true  about  that  num- 
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into  solids,  as  though  this  angular  momentum  of  individual  spinning 

electrons  were  the  only  one  left  outstanding. 

This  striking  inference  is  greatly  strengthened  by  measurements 

upon  the  one  phenomenon  in  which  that  angular  momentum,  which 

according  to  atomic  theory  is  always  the  companion  of  magnetic 

moment,  comes  to  light.     Imagine  a  cylinder  of  some  paramagnetic  or 

ferromagnetic  substance,  hanging  freely  from  a  suspension  attached 

to  one  end.     Suppose  it  to  be  unmagnetized  at  first;  this  signifies 

that  the  atoms  (whether  or  not  they  are  grouped  into  domains)  are  so 

oriented  that  the  resultant  of  all  their  angular  momenta,  as  well  as 

*  The  reasons  furnished  by  spectroscopy  for  making  this  postulate  are  much  too 
complex  to  be  interpolated  in  this  article:  I  refer  to  the  first  fourteen  pages  of  "Con- 
temporary Advances  in  Physics,"  XXIX,  this  Journal,  14,  285-321  (April  1935). 
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that  of  all  their  magnetic  moments,  are  zero.  Now  suppose  that  a 
field  is  suddenly  applied,  parallel  to  the  axis  of  the  cylinder.  The 
substance  is  suddenly  magnetized;  this  signifies  that  the  resultant 
of  the  magnetic  moments,  and  hence  that  of  the  angular  momenta, 
are  no  longer  zero.  Let  /  stand  (as  heretofore)  for  the  former  re- 
sultant, and  P  for  the  latter.  Noav  it  is  desirable  to  remember  that 
each  atom  consists  of  a  nucleus  and  an  electron-family;  that  the 
electron-family  possesses  the  magnetic  moment  and  is  oriented  in  the 
field  (it  strictly  is  what  I  have  hitherto  referred  to  as  "the  atom"); 
that  the  nuclei  of  the  atoms  in  the  cylinder  are  relatively  non-magnetic 
but  contain  nearly  all  of  the  mass  of  the  cylinder.^  At  the  moment  of 
magnetization,  the  ensemble  of  the  electron-families  acquires  a  net 
angular  momentum  P.  Now  angular  momentum  being  one  of  these 
things  (like  energy  and  linear  momentum)  of  which  the  total  in  Nature 
does  not  vary,  an  equal  and  opposite  amount,  —  P,  must  appear 
somewhere  or  other.  It  appears  in  the  mass  of  the  cylinder,  presum- 
ably because  of  some  interaction  between  the  electron-families  and  their 
nuclei.  The  cylinder  makes  a  sharp  turn  at  the  instant  of  magneti- 
zation, twisting  the  suspension  from  which  it  hangs  through  an  angle 
from  which  (and  from  the  rigidity  of  the  suspension)  the  value  of  —  P 
can  be  found.  This  effect  and  its  converse  (an  unmagnetized  cylinder 
may  be  magnetized  by  sharply  twisting  it)  are  known  as  the  "gyro- 
magnetic  effects."  They  are  delicate  and  difficult  to  produce,  a 
fortiori  to  measure;  yet  of  late  years  experimenters  have  succeeded  in 
measuring  P  together  with  /,  and  therefore  learning  the  value  of  the 
ratio  I/P — first  for  the  ferromagnetic  metals  and  then  for  some  of 
their  compounds  and  alloys,  and  lately  for  certain  paramagnetic  salts, 
the  work  on  these  last  being  done  at  the  very  low  temperatures  where 
alone  they  can  be  strongly  magnetized. 

This  ratio  I/P — its  reciprocal  is  called  the  "gyromagnetic  ratio"— 
is  a  rare  sort  of  thing:  it  is  a  quantity  of  which  the  numerical  value, 
measured  on  pieces  of  bulk  matter,  is  appropriate  also  to  the  elemen- 
tary particles.  If  the  substance  is  made  up  of  identical  elementary 
magnets  of  magnetic  moment  /jl  and  angular  momentum  p,  then  I/P 
is  n/p.  Since  /z  and  p  are  knowable  frora  spectra,  so  also  is  their  ratio. 
Its  lowest  possible  value  (from  theory)  is  e/lmc,  in  which  e,  m,  and  c 
have  their  usual  meanings;^  this  would  always  occur  if  the  electrons 
had  no  spins;  actually  it  occurs  if  the  electron-family  of  the  atom  is  so 

^  Most  nuclei  possess  magnetic  moments,  which,  however,  are  so  excessively  small 
that  they  can  be  detected  only  by  experiments  of  extreme  delicacy. 

^  Charge  (in  E.S.U.)  and  mass  of  the  electron,  and  speed  of  light  in  vacuo.  For  the 
theory  underlying  these  statements,  c.f.  I.e.  pp.  285-300.  Often  the  ratio  of  the 
experimental  value  of  n/p  to  the  quantity  e/2mc  is  called  an  "experimental  g-value," 
the  ratio  of  the  theoretical  value  to  e/2mc  being  conventionally  denoted  by  g. 
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organized  that  the  spins  neutralize  one  another.  Its  highest  possible 
value  is  twice  as  great;  this  occurs  if  nothing  counts  excepting  the 
electron-spins,  and  signifies  either  that  the  electrons  are  free  ^  or  else 
that  the  electron-family  of  each  atom  is  so  organized  that  there  is  no 
net  angular  momentum  due  to  orbital  motion.  Intermediate  values 
are  possible  and  signify  different  types  of  organization  of  the  electron- 
family.  The  values  predicted  from  spectra  have  been  confirmed  for 
a  few  of  the  rare-earth  atoms  in  their  paramagnetic  salts;  but  usually, 
as  I  have  already  intimated,  the  observed  value  of  the  ratio  n/p  is  about 
2(e/2mc),  though  the  spectrum  says  something  else. 

It  would  be  pleasant  now  to  add  that  the  magnetic  moment  of  each 
of  these  substances,  per  atom,  amounts  to  some  integer  multiple  of 
the  magnetic  moment  jue  of  the  spinning  electron.  We  then  could 
say  that  the  integer  is  the  number  of  "uncompensated"  spinning 
electrons  in  the  atom,  implying  by  the  word  "uncompensated"  in 
this  connection  that  all  the  magnetic  moments  in  the  electron-famih' 
of  the  atom  add  up  vectorially  to  zero  and  so  do  all  the  angular  mo- 
menta, with  the  sole  exception  of  those  pertaining  to  these  electron- 
spins.  Such  is  not,  however,  the  case :  some  of  the  experimental  values 
are  2.2/Xefor  iron,  l.ljjLe  for  cobalt,  0.6/ac  for  nickel.  It  seems  necessary  to 
assume  that  in  metallic  solid  iron,  some  of  the  atoms  present  two  un- 
compensated electrons  to  the  orienting  field,  and  others  three.  Iron  in 
different  chemical  compounds  exhibits  different  values  of  magnetic 
moment,  and  sometimes  the  ratio  nlp  is  different  from  2(e  2wf),  sug- 
gesting that  angular  momenta  of  orbital  motion  are  not  quite  cancelled 
out;  indeed  it  now  appears  that  the  ratio  is  slightly  but  definitely  differ- 
ent from  this  specific  value  even  in  the  cases  (such  as  those  of  the  pure 
ferromagnetic  metals  and  of  permalloy)  in  which  at  first  the  measure- 
ments suggested  that  it  was  the  same. 

Such  observations  as  these  last  are  problems  for  the  specialists  in 
atomic  theory;  magnetism  offers  great  numbers  of  these  problems. 
Another  and  a  complementary  way  of  viewing  this  situation  is,  to  look 
on  every  measurement  of  a  magnetic  moment  made  upon  a  solid  as 
an  item  of  information  about  an  atom  (or  a  molecule)  existing  in  a 
condition  which  is  not  accessible  to  spectroscopic  research.  Spectra 
indicate  the  normal  state  of  atoms  in  freedom;  occasional  magnetic 
experiments  (like  those  on  gaseous  oxygen  here  cited,  or  those  on  mo- 
lecular beams  by  the  Gerlach-Stern  method,  which  I  hope  to  treat  on  a 
later  occasion)  also  refer  to  free  atoms  and  molecules,  and  confirm 
the  indications  of  the  spectra,  thus  sustaining  both  the  methods;  but 

"  Certain  metals,  the  alkali  metals  for  instance,  exhibit  a  paramagnetism  which  is 
entirely  due  to  the  "free"  or  conduction  electrons. 
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mostly  the  magnetic  methods  refer  to  atoms  in  a  soHd,  and  so  they 
make  available  a  new  and  broad  domain  for  the  operations  of  atomic 
theory. 

There  remains  diamagnetism.  The  first  thing  to  be  said  al)out  the 
theory  of  diamagnetism  is  discouraging;  for  it  has  the  earmark  of  a 
futile  atomic  theory — it  involves  the  assumption  that  the  individual 
atoms  behave  exactly  like  the  substance  as  a  whole.  Under  all 
tield  strengths  and  all  conditions,  it  is  assumed  that  the  diamagnetic 
moment  of  a  block  of  N  atoms  is  A'^  times  the  diamagnetic  moment  of 
a  single  atom.  Nevertheless  this  is  not  a  futile  assumption,  for  strictly 
it  is  not  an  assumption  at  all  but  an  inference  from  atomic  structure. 
It  was  mentioned  early  in  these  pages  that  owing  to  the  unbreakable 
link  between  angular  momentum  and  magnetic  moment,  a  magnetic 
atom  precesses  about  the  direction  of  the  field.  This  motion  of  pre- 
cession is  an  extra  motion  of  the  electrons  of  the  atoms,  a  circulatory 
motion  around  the  axis  supplied  by  the  direction  of  the  field.  This 
extra  motion  entails  an  extra  current,  which  entails  an  extra  magnetic 
moment,  which  is  the  source  of  diamagnetism  or  which  is  diamagnet- 
ism. Diamagnetism  is  precession.  It  is  not  confined,  as  the  fore- 
going words  suggest,  to  atoms  which  have  a  net  magnetic  moment. 
Consider  an  atom  (a  free  atom  of  any  noble  gas  will  afford  an  example) 
possessing  two  or  more  electrons,  the  orbits  and  the  spins  of  which  are 
so  oriented  that  the  resultant  magnetic  moment  is  nil.  Though  some 
of  the  orbits  and  spins  are  pointed  oppositely  to  others,  they  all  pre- 
cess  in  the  same  sense,  and  the  atom  acquires  a  magnetic  moment  in 
the  field  though  it  had  none  beforehand.  The  like  is  true,  of  course, 
when  the  resultant  of  the  orbits  and  the  spins  is  different  from  zero; 
the  agents  of  orientation  which  were  discussed  above  render  it  para- 
magnetic, but  the  precession  renders  it  diamagnetic,  and  it  is  para- 
magnetic and  diamagnetic — or  ferromagnetic  and  diamagnetic — at 
one  and  the  same  time.  The  moment  due  to  the  precession  is  pro- 
portional to  the  field  strength,  and  the  factor  of  proportionality  may 
be  calculated  from  the  structure  of  the  atom  (it  depends  primarily 
upon  the  areas  of  the  electron-orbits).  The  agreement  of  the  cal- 
culated values  with  the  data  is  generally  satisfactory;  and  diamagnet- 
ism, the  least  conspicuous  of  the  three  types  of  magnetism,  takes 
precedence  over  the  others  as  being  that  one  of  the  three  of  which  our 
understanding  is  most  nearly  perfect. 


The  Proportioning  of  Shielded  Circuits  for  Minimum 
High-Frequency  Attenuation 

By  E.  I.  GREEN,  F.  A.  LEIBE  and  H.  E.  CURTIS 

For  given  conditions  of  design  there  exists  an  optimum  proportion- 
ing or  configuration  which  makes  the  high-frequency  attenuation  of  a 
given  type  of  individually  shielded  circuit  a  minimum.  Determination  is 
made  of  such  optimum  proportioning  for  a  wide  variety  of  types  of  in- 
dividually shielded  circuits  including  several  novel  types  designed  to  make 
the  high-frequency  attenuation  low  in  comparison  with  the  cross-sectional 
area  occupied  by  the  circuit,  and  the  attenuation  of  different  types  is  com- 
pared.    The  following  topics  and  specific  circuit  structures  are  considered: 

Coaxial  Circuits — Basic  Coaxial  Circuit;  Effect  of  Dielectric;  Effect 
of  Frequency-  on  Optimum  Ratio;  Thin  Walls;  Stranded  Conductors; 
Optimum  Proportioning  as  a  Function  of  Conductor  Resistance. 

Balanced  Shielded  Circuits — Shielded  Pair  (Cylindrical  Conductors 
and  Shield) — Condition  for  Minimum  Attenuation,  Condition  for  Maxi- 
mum Characteristic  Impedance,  Effect  of  Dielectric,  Effect  of  Frequency; 
Pair  in  Space;  Shielded  Stranded  Pair;  Pair  with  Shield  Return;  Double 
Coaxial  Circuit;  Shielded  Pair  (Round  Conductors  and  Oval  Shield); 
Shielded  Pair  (Quasi-Elliptical  Conductors);  Shielded  Quad. 

Introduction 

SINCE  the  very  beginning  of  mathematics,  problems  of  maximizing 
and  minimizing  have  possessed  a  marked  fascination.  The  Greeks 
were  successful  in  solving  a  few  geometric  problems  of  this  character. 
Later,  algebra  was  found  to  be  another  method  of  attack.  Finally, 
the  powerful  methods  of  the  calculus  became  available  for  the  deter- 
mination of  maxima  and  minima  in  manifold  variety.  The  reasons 
for  the  continued  interest  in  such  problems  are  not  hard  to  find.  It  is 
but  natural  to  seek  the  ideal,  and  here,  at  least,  is  one  phase  of  man- 
kind's search  for  perfection  in  which  a  goodly  measure  of  success  may 
be  achieved.  In  addition,  a  knowledge  of  the  optimum  dimensioning 
of  things,  or  of  the  optimum  relations  between  things,  frequently  holds 
much  practical  significance. 

It  is  mainly  with  problems  of  maxima  and  minima  that  this  paper  is 
concerned.  These  problems  have  to  do  with  transmission  circuits 
which  are  surrounded  by  individual  shields.  Recent  literature  '-has 
pointed  out  that  circuits  of  this  type  have  properties  which  render  them 
especially  suitable  for  the  transmission  of  broad  bands  of  frequencies. 
Such  circuits  are  also  finding  application  as  "lead-ins"  to  connect  radio 
antennas  with  transmitting  or  receiving  apparatus.'-  * 

1  For  numbered  references,  see  end  of  paper. 
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It  is  well  at  this  juncture  to  understand  the  function  of  shielding 
in  a  high-frequency  transmission  circuit.  Such  shielding  serves  one  or 
both  of  these  purposes:  {a)  keeping  interference  due  to  external  sources 
from  entering  the  circuit,  and  {b)  preventing  the  circuit  from  causing 
interference  in  external  circuits.  The  shielding  may  either  supplement 
or  completely  replace  the  use  of  electrical  balance  to  reduce  inter- 
ference. The  design  of  shield,  that  is,  its  construction,  material, 
thickness,  etc.,  is  determined  by  the  degree  of  shielding  required  and  by 
considerations  of  mechanical  performance  and  cost.  The  degree  of 
shielding  needed  depends  in  turn  upon  such  factors  as  the  type  and 
length  of  circuit,  the  nature  and  frequency  of  the  signals  to  be  trans- 
mitted, and  the  magnitudes  of  external  interference.  These  interesting 
aspects  of  shield  design,  some  of  which  have  been  dealt  with  else- 
where,'' -•  ^  will  not  be  discussed  here. 

Attention  will  rather  be  directed  to  an  intriguing  property  of  any 
individually  shielded  circuit,  namely,  that,  for  given  conditions  of 
design,  there  always  exists  an  optimum  proportioning  or  configuration 
which  makes  the  transmission  efficiency  of  the  circuit  a  maximum,  or, 
in  other  words,  makes  the  attenuation  a  minimum.  One  such  condi- 
tion of  design  which  may  be  imposed  is  that  the  cross-sectional  area 
enclosed  within  the  shield  is  to  be  a  constant.  In  what  follows, 
determination  will  be  made  of  such  optimum  proportioning  for  a  wide 
variety  of  types  of  individually  shielded  circuits.  Since  the  attenua- 
tion is  generally  of  outstanding  importance  in  a  high-frequency  trans- 
mission line,  the  results  should  be  not  only  of  theoretical  interest  but 
also  of  practical  value.  Moreover,  the  different  methods  which  are 
used  in  solving  these  problems  should  find  further  application,  both 
in  the  many  other  known  problems  which  must  perforce  be  omitted 
for  lack  of  space,  and  in  those  problems  which  may  be  conceived  in 
the  future. 

The  principal  types  of  individually  shielded  circuits  to  be  discussed 
are: 

(1)  Coaxial  or  concentric  circuits,  in  which  an  outer  conductor,  which 

serves  also  as  a  shield,  completely  surrounds  a  centrally  disposed 
inner  conductor. 

(2)  Shielded  pairs,  consisting  of  a  pair  of  conductors  which  form  the 

transmission  circuit,  these  being  surrounded  by  an  individual 
conducting  shield. 

The  coaxial  circuit  is  unbalanced,  and  relies  solely  upon  shielding  for 
protection  against  interference  from  or  into  its  exterior.  In  contrast 
to  this  is  the  balanced  type  of  circuit,  in  which  the  go  and  return 
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conductors  are  designed  to  be  substantially  alike  and  are  located 
substantially  symmetrically  with  respect  to  earth  and  surrounding 
conductors. 

In  the  past,  telephone  transmission  circuits  have  been  largely  of  the 
balanced  type.  It  has  been  found  possible  to  operate  such  balanced 
circuits  up  to  fairly  high  frequencies,^  without  incurring  excessive 
interference.  However,  as  the  frequency  is  raised  it  becomes  increas- 
ingly difficult  to  maintain  a  sufficiently  high  degree  of  balance,  and 
shielding  may  then  be  desirable.  The  shielding  may  eliminate  balance 
entirely,  as  in  the  coaxial  circuit,  or  may  be  combined  with  balance  in 
what  may  be  termed  a  shielded  balanced  circuit,  of  which  the  shielded 
pair  is  an  outstanding  example. 

For  the  simplest  forms  of  circuits,  the  optimum  relations  may  be 
precisely  derived  with  the  aid  of  the  propagation  formulas.  In  more 
difficult  cases  it  is  necessary  to  use  approximate  methods  of  one  kind  or 
another.  These  methods,  however,  can  generally  be  made  to  yield 
sufficiently  accurate  results  for  practical  purposes. 

Coaxial  Circuits 

Coaxial  circuits,  which  furnish  the  least  difficult  problems  in  opti- 
mum proportioning,  make  a  natural  starting  point  for  this  subject. 

Basic  Coaxial  Circuit 

The  first  type  of  circuit  to  be  considered  is  the  basic  circuit  consisting 
of  two  tubular  conductors  arranged  coaxially,  whose  cross-section  is 
shown  diagrammatically  in  Fig.  1. 

Before  trying  to  find  out  how  to  proportion  such  a  circuit,  it  must  be 
noted  that  in  the  design  of  any  shielded  circuit  there  enter  a  number 
of  variables,  including  the  overall  size  of  the  structure,  the  type  and 
thickness  of  shield,  the  type  of  conductor  or  conductors,  the  type  of 
insulation,  and  the  frequencies  to  be  transmitted.  Some  of  these 
factors  exert  an  important  influence  on  the  optimum  proportioning,  so 
that  it  is  necessary,  in  order  to  arrive  at  a  unique  solution  in  a  given 
case,  to  keep  certain  factors  fixed.  Thereafter,  however,  the  effect 
produced  upon  the  result  by  varying  these  factors  may  be  examined. 

First,  therefore,  let  the  following  assumptions  be  made: 

1.  That  the  tubular  conductors  of  Fig.  1  are  composed  of  solid  material. 

2.  That  the  dielectric  is  gaseous,  with  zero  dielectric  loss.     This  is  a 

condition  which  may  be  approached  in  practice. 

3.  That  the  inner  diameter  of  the  outer  conductor  is  fixed.     This  is  a 

convenient  assumption,  having  for  its  basis  the  fact  that  it  is 
ordinarily  desirable,  for  economic  or  other  reasons,  to  limit  the 
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size  of  the  outer  conductor,  and  the  further  fact  that  the  thick- 
ness of  the  outer  conductor  will  ordinarily  be  determined  by 
mechanical  considerations  or  by  shielding  requirements. 
4.  That  the  frequency  is  high  enough  to  permit  the  use  of  certain 
approximate  formulas  as  noted  below.  Practically,  this  means 
that  at  the  frequency  considered  the  currents  are  largely 
crowded  toward  the  inner  surface  of  the  outer  conductor  and 
the  outer  surface  of  the  inner  conductor. 

The  problem  is  to  discover  the  proportioning  which  will  make  the 
high-frequency  attenuation  of  the  circuit  a  minimum  under  such 
conditions.     It  is  well  known  that  the  attenuation  of  a  transmission 


Fig.  1 — Coaxial  conductor  circuit. 

circuit   at   high    frequencies    may    be    represented    by    the    following 
approximate  formula:^ 


R    fC  ,   G    \L 


(1) 


where  R,  L,  G  and  C  designate,  respectively,  the  linear  resistance, 
inductance,  conductance  and  capacitance  of  the  circuit.  Except  as 
otherwise  indicated,  values  in  this  and  subsequent  formulas  are  ex- 
pressed in  c.g.s.  electromagnetic  units. 

When  the  dielectric  loss  is  negligible,  the  second  term  of  formula  (1) 
evidently  disappears. 

Let  a  and  b  represent,  respectively,  the  inner  and  outer  radii  of  the 
inner  conductor,  c  and  d  the  inner  and  outer  radii  of  the  outer  con- 
ductor, /  the  frequency,  Xi  and  mi,  respectively,  the  conductivity  and 
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permeability  of  the  material  of  the  inner  conductor,  and  X2  and  /X2  the 
corresponding  values  for  the  outer  conductor.  The  ratio  X1/X2  will  be 
designated  by  n. 

The  high-frequency  resistance  of  the  inner  conductor  may  then  be 
approximately  expressed  by  the  formula :'•  "^ 

R\  —  y^/y^abohms  per  cm.  (2) 

Similarly    the   high-frequency   resistance   of   the   outer   conductor    is 

approximately: 

1      If 
-^^o  =     -x/v— abohms  per  cm.  (3) 

f    \    Xo 

The  high-frequency  inductance  of  the  circuit  is  approximately  ^ 

L  =  2  logf  y  abhenries  per  cm.  (4) 

The  capacitance  of  the  circuit  is  ^ 

C  = abfarads  per  cm.,  (5) 

2    loge  ^ 

where  e  is  the  dielectric  constant  of  the  dielectric  material  between 
conductors,  equal  to  1/9  X  10"^"  for  gaseous  dielectric,  corresponding 
to  unity  in  the  practical  system  of  units. 

The  high-frequency  attenuation  of  the  coaxial  circuit  with  negligible 
dielectric  loss,  obtained  by  combining  the  above  formulas,  is 


2    loge  ^ 

The  value  of  permeability  assumed  in  the  abov^e  equation,  and  here- 
after, is  unity,  but  the  methods  may  be  used  also  for  other  values. 

If  the  inner  diameter  of  outer  conductor  be  assumed  fixed,  this 
expression  may  be  minimized  with  respect  to  the  ratio  r/b,  which  is 
the  ratio  of  the  radii  (or  diameters).  For  convenience  this  ratio  may 
be  designated  as  p.  It  is  found  that  the  high-frequency  attenuation  is 
a  minimum  when  the  ^•alue  of  p  is  that  given  by 

1                P  -\-  ^n  .^ 

log,  p  = .  (7) 
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Figure  2  shows  the  vakies  of  the  ratio  p  which  satisfy  this  relation 
plotted  as  a  function  of  the  conductivity  ratio  n. 

It  is  noteworthy  that  the  optimum  ratio  of  radii  or  diameters  is 
independent  of  (a)  the  diameter  and  thickness  of  outer  conductor,  (b) 
the  inner  diameter  of  the  inner  conductor,  and  (r)  the  frequency, 
provided  the  frequency  is  high  enough  for  the  approximate  formulas 
to  hold.  It  follows  from  (a)  that,  assuming  a  fixed  thickness  of  outer 
conductor,  moderately  small  in  comparison  with  its  diameter,  relation 
(7)  makes  it  possible  to  find  the  minimum  size  of  outer  conductor  with 
which  a  given  value  of  high-frequency  attenuation  may  be  realized. 
It  follows  from  (h)  that  the  inner  conductor  may  be  either  hollow  or 
solid,  provided  that  the  approximate  resistance  formulas  are  valid. 
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Fig.  2 — Variation  of  optimum  diameter  ratio  of  coaxial  circuit  with  conductivity 

ratio. 

A  case  of  special  interest  arises  when  the  two  conductors  have  the 
same  conductivity,  that  is,  when  n  equals  unity.  For  this  condition 
the  solution  of  (7)  is  * 


P  = 


3.59. 


(8) 


A  practical  example  of  the  case  of  different  conductivities  is  a  coaxial 
structure  in  which  the  inner  conductor  is  of  copper  and  the  outer 
conductor  of  lead.  For  a  lead  outer  conductor  containing  about  1 
per  cent  of  antimony,  the  ratio  of  conductivities  of  inner  and  outer 

*  The  existence  of  an  optimum  relation  of  this  kind  was  first  noted  by  C.  S.  Frank- 
lin, who  gave  the  value  as  3.7.  (See  Reference  3.)  Subsequently  the  precise  value 
was  derived  independently  of  Franklin.     (See  Reference  10.) 
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conductors  is  approximately  13,  and  the  optimum  diameter  ratio  for 
such  a  structure,  as  found  from  Fig.  2,  is  about  5.25. 

The  behavior  of  the  attenuation  in  the  vicinity  of  the  optimum 
diameter  ratio  is  illustrated  in  Fig.  3,  which  shows  attenuation  plotted 
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Fig.  3 — Variation  of  optimum  diameter  ratio  of  coaxial  circuit  with  conductivity  ratio. 

against  diameter  ratio  for  the  case  where  n  equals  unity.  It  will  be 
seen  that  near  the  optimum  the  attenuation  changes  very  slowly.  ^ 
This  is  fortunate,  since  it  means  that  unavoidable  departures  from  the 
optimum  diameter  ratio  may  be  permitted  without  appreciable  effect 
on  the  attenuation.  Other  small  departures  from  ideal  design  are  also 
allowable.  Thus,  for  example,  it  has  been  assumed  in  deriving  the 
condition  for  minimum  attenuation  that  the  two  conductors  of  the 
circuit  are  perfectly  coaxial  or  concentric.  However,  for  moderately 
small  departures  from  perfect  concentricity  occasioned  by  practical 
difficulties  of  construction,  the  conditions  for  minimum  attenuation  are 
substantially  the  same  as  for  a  circuit  with  no  eccentricity.  The 
situation  is  similar  for  other  types  of  shielded  circuits  to  be  considered 
later,  in  these  cases  also  only  a  reasonably  close  approximation  to  the 
ideal  being  necessary. 

Effect  of  Dielectric 
vSuppose  now  that  the  capacitance  and  leakage  conductance  intro- 
duced by  the  insulation  are  substantial.^  First,  it  will  be  assumed  that 
the  space  between  the  two  conductors  is  filled  with  a  substantially 
uniform  non-gaseous  dielectric  material  having  a  dielectric  constant  e 
and  a  power  factor  p.  Such  would  be  the  case,  for  example,  if  the 
two  coaxial  conductors  were  separated  by  a  continuous  rubber  insula- 
tion.    The  leakage  conductance  of  the  circuit  now  becomes 


G  =  pcoC  =  — ^abmhos  per  cm., 

where,  as  usual,  w  equals  27r/. 


(9) 


2    loge  ^ 
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By  substituting  in  formula  (1),  the  high-frequency  attenuation  is 
found  to  be 


''=Yc^l\^p 


+  V«)2l 


1 


Oge    9 


-\ ^ —  nepers  per  cm.  (10) 


Since  w,  p,  and  e  are  not  functions  of  the  ratio  cjb,  the  second  term  of 
this  expression  is  constant  for  purposes  of  differentiation  with  respect 
to  that  ratio,  and  the  condition  for  minimum  attenuation  is  identical 
with  that  previously  found,  as  given  in  formula  (7). 

A  high-frequency  transmission  property  of  smaller  interest  than  the 
attenuation  is  the  characteristic  impedance.  This  is  given  by  the 
familiar  formula  "^ 

Zo  =  A /-^abohms.  (11) 


For  the  coaxial  circuit  with  dielectric  constant  e  the  high-frequency 
characteristic  impedance  is 


2  loge  p 
Zo  —         F      abohms. 

Ve 


(12) 


There  now  comes  the  case  where  the  space  between  the  conductors 
consists  of  a  combination  of  gaseous  and  non-gaseous  dielectrics. 
Perhaps  the  simplest  example  occurs  when  the  conductors  are  separated 
by  insulating  discs  or  washers  extending  continuously  between  the 
two  conductors  with  flat  sides  perpendicular  thereto.  Such  a  con- 
struction is  illustrated  in  Fig.  4.     Let  the  thickness  of  each  insulating 


Fig.  4 — ^Coaxial  structure  with  disc  insulation. 


disc  be  designated  w,  the  spacing  between  centers  of  adjacent  discs,  s, 
the  dielectric  constant  of  the  air  dielectric,  ei,  and  that  of  the  disc 
material  eo. 
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The  capacitance  of  the  coaxial  circuit  now  becomes 

(€2    -    €l)W 

''+ ~s • 

C  = ?r-i abfarads  per  cm.,  (13) 

2   loge   p 

while  the  leakage  conductance  is 

G  —  —  ■  7i-T abmhos  per  cm.  (14) 

5        2   loge    P 

On  substituting    these  values  in  formula  (1)  the  following  expression 
results: 


1      //  Vei^  +  (c2  -  €i)wp  +  Vw 


"  =  4Vx; 


^^s  2  loge  P 

poie^  w  1 


2     ^!s^|elS  +  (e2  -  ei) 


w 


nepers  per  cm.     (15) 


Once  more  the  second  term  is  independent  of  c  and  b,  and  the  con- 
dition for  minimum  attenuation  is,  as  before,  that  given  by  equation  (7). 
The  high-frequency  characteristic  impedance  in  this  case,  however,  is 

Zo  =  —^^J^k£=:  abohms.  ( 1 6) 

(62  -  ei)w 


^61 


The  quantity  in  the  denominator  of  the  above  expression  is  evidently 
the  weighted  average  dielectric  constant  of  the  insulating  medium. 

In  the  case  just  considered,  the  gaseous  and  non-gaseous  dielectrics 
were  separated  from  each  other  by  planes  perpendicular  to  the  axis  of 
the  conductors.  Consequently,  each  line  of  dielectric  flux  passed 
through  only  one  kind  of  material.  It  can  be  shown  that,  as  long  as 
this  latter  condition  holds,  the  condition  for  minimum  high-frequency 
attenuation  as  given  by  equation  (7)  is  valid,  or,  in  other  words,  the 
optimum  diameter  ratio  is  that  shown  in  Fig.  2.  Cases  arise,  however, 
in  which  a  line  of  dielectric  flux,  in  going  from  one  conductor  to  the 
other,  may  pass  through  more  than  one  kind  of  dielectric  material. 
It  is  extremely  difficult  to  obtain  a  mathematical  solution  for  the 
diameter  ratio  which  results  in  minimum  attenuation  for  such  cases, 
since  this  involves  a  three-dimensional  field  problem.  Consideration 
of  the  problem,  however,  indicates  that  the  optimum  diameter  ratio 
will  not  differ  appreciably  from  that  given  by  Fig.  2,  especially  if  the 
dielectric  is  mostly  gaseous,  which,  of  course,  is  highly  desirable. 
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Effect  of  Frequency  on  Optimum  Ratio 
It  has  been  seen  that,  at  the  higher  frequencies  where  the  approxi- 
mate transmission  formulas  may  be  employed,  the  optimum  diameter 
ratio  is  substantially  independent  of  frequency.  In  so  far  as  the 
practical  application  of  individually  shielded  circuits  is  concerned,  it  is 
in  these  higher  frequencies  that  interest  primarily  centers.  Even  when 
it  is  desired  to  transmit  a  wide  band  extending  from  high  frequencies 
down  to  comparatively  low  ones,  it  is  advantageous  to  proportion  the 
circuit  so  as  to  minimize  the  attenuation  at  the  highest  transmitted 
frequency,  since  the  attenuation  at  all  lower  frequencies  will  be  less  than 
the  value  thus  obtained. 

It  may,  however,  be  worth  while  to  consider  briefly  the  question 
of  optimum  proportioning  when  low  frequencies  only  are  involved. 
The  appropriate  transmission  formulas  to  be  used  instead  of  the 
approximate  high-frequency  expressions  are  known, ^  and  the  optimum 
diameter  ratio  in  any  specific  case  may  be  derived  from  these.  It  will 
be  evident  that,  since  skin  efTect  is  present  to  a  lesser  degree  at  the 
low  frequencies,  the  diameter  and  thickness  of  the  outer  conductor 
and  the  thickness  of  the  inner  conductor  will,  as  the  frequency  is 
decreased,  have  an  increasing  influence  on  the  optimum  proportioning. 
Without  attempting  to  derive  precise  values  for  the  difTerent  condi- 
tions, it  may  be  noted  that  the  optimum  diameter  ratio  for  low  fre- 
quencies is  invariably  less  than  that  for  high  frequencies,  the  high- 
frequency  value  being  approached  asymptotically  as  a  limit.  The 
reason  for  this  will  be  readily  apparent.  Let  the  inner  diameter  and 
thickness  of  the  outer  conductor  be  assumed  fixed.  At  high  frequencies 
the  resistance  of  the  inner  conductor  varies  inversely  with  the  first 
power  of  its  diameter.  At  lower  frequencies,  however,  this  resistance 
varies  inversely  with  some  power  of  the  diameter  greater  than  unity, 
and  finally,  at  zero  frequency,  assuming  a  solid  wire,  with  the  square 
of  the  diameter.  Hence  it  is,  that,  in  varying  the  size  of  the  inner 
conductor  in  order  to  obtain  a  balance  between  the  change  of  resistance 
and  change  of  capacity,  it  is  advantageous  to  make  the  inner  conductor 
somewhat  larger,  or,  in  other  words,  to  make  the  diameter  ratio  smaller, 
at  low  frequencies  than  at  high  frequencies. 

Thin  Walls 
What  is  the  result  if  the  walls  of  the  two  coaxial  conductors  are  made 
very  thin?  Under  this  condition  the  conductor  resistance,  and  hence 
the  attenuation,  will  remain  substantially  constant  over  a  wide  range 
of  frequencies.  This  constancy  is  realized,  however,  at  the  expense  of 
an  increase  in  the  attenuation  as  compared  with  that  for  thicker 
conductor  walls. 
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Using  the  notation  of  Fig.  1,  the  resistances  of  the  inner  and  outer 
conductors,  both  with  conductivity  X,  at  frequencies  where  the  walls 
are  sufficiently  thin  to  avoid  skin  effect,  are 

Ri  =     .  ,,n ^abohms  per  cm.  (17) 

Ra  =     .  /  .0 ^T-abohms  per  cm.  (18) 

Tr\{a^  —  c) 

Let  the  inner  conductor  have  a  fixed  thickness  b  —  a,  the  outer 
conductor  a  thickness  d  —  c,  and  let  the  ratio  {b  —  a)l{d  —  c)  be 
represented  by  /.     For  small  values  of  wall  thickness 

b'-  -  a-  ^  2b{b  -  a)  (19) 

and 

d^  -  f2  =  2cid  -  f)  =  2c  ^^-^ .  (20) 

Substituting  these  relations  and  the  values  of  L  and  C  from  (4)  and 
(5)  in  equation  (1),  it  is  found  that  the  attenuation  for  the  circuit  with 
thin  walls  is 

a=-r^-7T (y-j nepers  per  cm.  (21) 

47rXc  {b  —  a)2  loge  p 

Differentiation  shows  that  minimum  attenuation  in  the  case  of  thin 
walls  is  obtained  when 

loge  p  = •  (22) 

P 

The  values  of  diameter  ratio  which  satisfy  this  relation  may  be  found 
from  the  curve  of  Fig.  2,  if  the  values  of  abscissa?  on  that  curve  are 
interpreted  as  values  of  f^. 

If  the  conductor  walls  are  thin,  as  above,  and  if  in  addition  the 
conductivities  of  the  two  conductors  are  not  the  same,  that  of  the  inner 
conductor  being  n  times  that  of  the  outer  one,  the  condition  for 
minimum  attenuation  becomes 

loge  p  = .  (23) 

P 

Figure  2  may  be  used  to  find  the  values  of  diameter  ratio  which  satisfy 
this  relation  also,  the  abscissae  scale  markings  in  this  case  being  taken 
as  values  of  n^t-. 
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Stranded  Conductors 

With  conductors  having;  soHd  walls,  or  composed  of  non-insulated 
strips  or  filaments,  the  currents  at  high  frequencies  are  largely  crowded 
toward  the  inner  surface  of  the  outer  conductor  and  the  outer  surface 
of  the  inner  conductor,  due  to  skin  effect.  Since  the  losses  in  the 
conductors  themselves  ordinarily  comprise  the  major  portion  of  the 
attenuation  in  a  coaxial  circuit,  interest  attaches  to  the  possibility  of 
counteracting  the  increase  in  conductor  resistance  due  to  skin  effect  by 
using  a  conductor  composed  of  a  number  of  individually  insulated 
strands  so  twisted  or  interwoven  as  to  distribute  the  current  more 
nearly  uniformly  over  the  cross-section.^'  Chief  attention  naturally 
focuses  upon  the  inner  conductor,  which  is  by  far  the  greater  contribu- 
tor to  the  resistance,  and  this  discussion  will  be  largely  limited  to  the 
case  where  only  the  inner  coaxial  conductor  is  stranded.* 

Types  of  stranded  conductors  suitable  for  use  as  the  inner  conductor 
of  a  coaxial  circuit  include  both  those  in  which  the  conductor  cross- 
section  is  completely  filled  with  insulated  strands  and  those  in  which 
the  insulated  strands  form  an  annular  cross -section,  surrounding  a 
core  of  non-conducting  or  conducting  material.  Of  various  possible 
methods  of  stranding,  one  simple  and  effective  process  is  similar  to  that 
used  in  the  construction  of  rope.  A  few  strands  are  twisted  together  to 
form  a  group,  several  such  groups  are  twisted  into  a  larger  group,  and 
so  on  until  the  desired  conductor  cross-section  is  obtained. 

The  high-frequency  resistance  of  a  stranded  conductor  may  be 
determined  either  by  measurement  or  computation.  For  a  completely 
stranded  inner  conductor  of  any  diameter,  size,  number  of  strands,  and 
thickness  of  insulation,  the  high-frequency  resistance  is  given  by  S. 
Butterworth  '^  and  in  unpublished  material  by  J.  R.  Carson.  The 
resistance  values  obtained  in  measurements  of  stranded  conductors 
approximate  very  closely  the  theoretical  results. 

In  evaluating  the  results  obtained  with  stranding,  it  is  convenient  to 
compare  the  resistance  of  a  stranded  conductor  with  that  of  a  non- 
stranded  conductor  of  the  same  overall  size.  For  the  case  of  a  stranded 
inner  conductor,  the  ratio  of  the  resistance  of  the  stranded  conductor 
at  any  given  frequency  to  the  resistance  at  the  same  frequency  of  a 
solid  conductor  having  the  same  outer  diameter  and  composed  of  the 
same  material  used  in  the  strands  may  be  designated  as  ni. 

The  values  of  the  resistance  ratio  m  which  may  be  realized  in  practice 
depend  upon  the  frequency  and  the  design  of  stranded  conductor. 
Some  idea  of  these  values  for  two  specific  conductors  may  be  obtained 

*  "Stranded"  is  used  to  mean  "composed  of  insulated  strands." 
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from  the  curves  of  Fig.  5.  It  will  be  seen  that  there  is  ordinarily  a 
frequency  at  which  the  resistance  ratio  is  a  minimum.  Above  this 
frequency  the  improvement  due  to  stranding  rapidly  vanishes,  the 
performance  thereafter  being  worse  than  that  of  the  corresponding 
non-stranded  conductor.  The  minimum  value  of  resistance  ratio 
attained  in  the  range  of  some  hundreds  of  kilocycles  may  be  in  the 
order  of  0.6,  a  very  substantial  improvement.  In  order  to  secure  any 
marked  advantage  in  the  frequency  range  above  700  or  800  kilocycles, 
the  number  and  fineness  of  the  individual  strands  would  be  such  as 
practically  to  preclude  their  use. 

Another  result  obtained  with  stranding  is  an  increase  in  the  internal 
inductance  of  the  conductors,  which  likewise  serves  to  reduce  the  high- 
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Fig.  5 — Resistance  ratios  of  stranded  conductors. 

frequency  attenuation.  For  a  round  conductor  which  is  completely 
stranded,  the  internal  inductance  at  all  frequencies  where  the  current 
is  uniformly  distributed  over  the  conductor  cross-section  approximates 
.5  abhenry  per  centimeter,  which  is  the  internal  inductance  of  a  solid 
round  wire  at  zero  frequency.  In  general,  this  value  of  internal 
inductance  will  hold  up  to  frequencies  somewhat  above  that  for  which 
the  resistance  ratio  m  is  a  minimum.  The  internal  inductance  of  a 
stranded  conductor  of  annular  cross-section,  for  all  frequencies  where 
the  current  is  uniformly  distributed  over  the  cross-section,  is 


z,  =  "'  -  ^"^  + 


la 


lib''  -  a")   '   (&2 


—rr-^  log,  -  abhenries  per  cm. 

a^Y         a 


(24) 
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This  is  the  same  as  the  internal  inductance  at  zero  frecjuency  of  a  sohd 
tube  of  the  same  dimensions. 

Since  either  the  inner  or  outer  conductor  of  a  coaxial  circuit,  or  both, 
may  be  stranded,  and  since,  in  addition,  the  dielectric  loss  may  either 
be  ncgii^il)le  or  may  be  appreciable,  there  are  six  different  cases  of 
optimum  proportioning  which  might  be  considered.'^  Only  one  case, 
however,  that  of  a  coaxial  circuit  with  only  the  inner  conductor 
stranded  and  with  negligible  dielectric  loss,  will  be  taken  up  here. 
The  high-frequency  attenuation  of  such  a  coaxial  circuit  is 


m     If  / 


H )  x/tx-j NO   1    or    1 nepers  per  cm.      (25) 


m  /  \  (4  \oge  py  +  2Li  \oge  P 


While  the  value  of  m  varies  with  frequency  and  with  the  design  of  the 
stranded  conductor,  this  value  is,  for  a  particular  frequency  and  a 
particular  design,  definitely  determinable.  As  has  been  noted,  it  is 
generally  desirable  to  proportion  a  transmission  circuit  so  as  to  mini- 
mize the  attenuation  at  the  highest  frequency  to  be  transmitted. 
Furthermore,  the  value  of  m  will  not  vary  rapidly  with  changes  in 
conductor  diameter  provided  the  number  of  strands  be  changed  as  the 
conductor  size  is  varied.  It  therefore  becomes  possible  to  treat  m  as  a 
constant  in  deriving  the  relation  for  optimum  proportioning. 

Using  p  to  designate  c/b,  the  condition  for  minimum  high-frequency 
attenuation  is  found  to  be 

2  —  p  log.  P 
Vw ^  4  log,  p  +  Li  .^^. 

m       ,    .  2  log,  p  -f  Li  * 

-pp  +  1 
■\n 

Figure  6  shows  graphs  of  equation  (26)  for  two  values  of  Li,  namely, 
Li  =  0.5  abhenry  per  centimeter,  which  corresponds  to  the  case  where 
the  cross-section  of  the  inner  conductor  is  completely  stranded,  and 
Li  =  0.  When  the  stranded  inner  conductor  is  of  annular  cross- 
section  the  optimum  value  of  the  diameter  ratio  lies  somewhere  be- 
tween the  two  curves  shown.  The  useful  range  of  m  probably  lies 
between  about  0.5  and  unity  and  that  of  n  between  about  1  and  15. 

As  to  the  practical  use  of  stranding,  it  is  apparent  from  the  resistance 
ratio  curves  of  Fig.  5  that  in  order  to  take  advantage  of  stranding  it 
would  be  necessary  to  limit  the  transmission  band  to  a  maximum 
frequency  well  below  that  possible  with  non-stranded  conductors. 
Further  drawbacks  to  the  use  of  stranded  conductors  are  their  greater 
cost  as  compared  with   non-stranded  ones,   and   greater  mechanical 
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difficulties  in  using  them.  For  these  reasons  stranded  conductors  do 
not  seem  Hkely  to  find  early  application  in  broad  band  transmission 
circuits. 

Optimum  Proportioning  as  a  Function  of  Conductor  Resistance 

The  optimum  diameter  ratio  of  a  coaxial  circuit  may  also  be  ex- 
pressed broadly  as  a  function  of  the  two  conductor  resistances.  As- 
sume a  coaxial  circuit  in  which  the  high-frequency  resistance  of  the 
inner  conductor  varies,  at  least  over  a  limited  range,  inversely  as  its 
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outer  radius  and  that  of  the  outer  conductor  as  its  inner  radius,  thus 


7?    -*' 


R.='^ 


(27),  (28) 


These  relations  are  approximately  true  for  all  the  types  of  circuits 
which  have  been  discussed.     Let 


_  ki  _  Ro     c  _  j?0 
'  ^~h,~R,'  h~Ri 


(29) 
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If  the  internal  inductance  of  the  conductors  is  assumed  to  be  zero, 
►which  is  the  most  usual  case,  the  high-frequency  attenuation  of  the 
circuit  may  then  be  written 

a  =  ^  (p  +  r)  -p^  .  (30) 

2c  2  loge  p 

Upon  minimizing  with  respect  to  c/b  the  condition  for  mininiuni  liigh- 
frequenc\-  attenuation  is  found  to  be 

log,,  p  = =  1  +  -^  •  (31) 

These  relations  have  been  found  useful  in  certain  instances. 

Balanced  Shielded  Circuits 
Though  arrangements  of  three  or  more  coaxial  conductors  are 
possible,'^  practical  interest  is  almost  wholly  limited  to  coaxial  circuits 
employing  but  two  conductors.  With  balanced  shielded  circuits, 
however,  the  number  of  conductors,  counting  the  shield  as  one,  is 
necessarily  three  and  may  be  more.  With  a  coaxial  circuit,  moreover, 
the  cylindrical  shape  is  the  natural  and  usual  one  for  the  conductors. 
With  balanced  shielded  circuits,  on  the  other  hand,  there  enter  a 
number  of  possibilities.  Not  only  are  cylindrical  shapes  of  conductors 
and  shield  to  be  considered,  but  a  variety  of  other  shapes  as  well. 
More  complex,  therefore,  than  the  foregoing  problems  in  optimum 
proportioning  are  those  for  balanced  shielded  circuits,  now  to  be 
discussed. 

Shielded  Pair — Cylindrical  Conductors  and  Shield 
The  simplest  form  of  balanced  shielded  circuit  is  a  shielded  pair 
comprising  two  cylindrical  conductors  surrounded  by  a  cylindrical 
shield.  Such  a  circuit  is  shown  diagrammatically  in  cross-section  in 
Fig.  7.  For  the  present,  attention  will  be  directed  to  the  circuit 
obtained  when  the  tw^o  enclosed  conductors  are  connected  one  as  a 
return  for  the  other. 

Condition  j or  Minimum  Attenuation  '•'■ 

As  before,  it  is  desired  to  minimize  the  high-frequency  attenuation. 
Let  it  be  assumed  first,  as  in  the  coaxial  circuit,  that  the  area  within 
the  shield  is  fixed,  the  conductors  are  of  solid  material  and  the  dielectric 
is  gaseous.  Let  b  represent  the  radius  of  each  conductor  in  Fig.  7,  c 
the  inner  radius  of  the  shield,  h  the  distance  from  the  center  of  either 
conductor  to  the  center  of  the  shield,  Xi  the  conductivity  of  each  con- 
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ductor,  X2  that  of  the  shield,  and  n  the  ratio  of  X,/X2-  Expressions  for 
the  high-frequency  attenuation  of  this  circuit  have  been  given  in 
unpublished  formulas  developed  by  S.  A.  Schelkunoff  and  by  Mrs. 
S.  P.  Mead.     The  approximate  formula  given  below  is  due  to  the  latter. 


loge 


where  a  =  hjc  and  v  =  hlh. 


-    4(7^) 

-{-  A\n  G- 

-    (72- 

-'^ar^--) 

+  c\ 

1  VfT 

X  -; — 7=  nepers  per  cm. 
4c  ^f\^ 


(32) 


Fig.  7 — Shielded  pair. 

The  values  of  the  diameter  ratio  (p)  and  what  may  be  termed  the 
spacing  ratio  {a),  which  make  this  expression  a  minimum  for  different 
values  of  the  conductivity  ratio  n,  can  be  determined  in  different  ways. 
One  possible  method  is  to  find  the  values  of  h  and  b  which  satisfy  the 
equations  dajdh  =  0  and  dajdb  =  0.  The  partial  derivatives  are, 
however,  very  complicated.  Accordingly  a  preferable  alternative  is  to 
substitute  various  pairs  of  values  of  p  and  a  in  (32)  and  determine, 
graphically  or  otherwise,  the  particular  pair  which  makes  it  a  minimum. 
In  this  wav  it  is  found  that  when  the  conductors  and  shield  are  of  the 
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same  material,  so  that  //  ocjuals  unity,  the  optimum  values  are  approxi- 
mately 


P=-^=5.4; 


.46. 


(33),  (34) 


The  optimum  diameter  and  spacing  ratios  for  different  values  of  the 
conductivity  ratio  n  are  shown  in  Figs.  8  and  9.     For  copper  conduc- 
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tors  and   a  lead   shield,   the  values  are  approximately  6.9  and    .36, 
respectively. 

As  with  the  coaxial  circuit,  these  optimum  relations  are  independent 
of  the  diameter  and  thickness  of  the  shield.  Hence  they  make  it 
possible  to  find  the  minimum  size  of  shield  necessary  for  a  given  value 
of  high-frequency  attenuation.  The  optimum  relations  are  also 
independent  of  the  frequency,  provided  the  frequency  is  high  enough 
for  the  approximate  formulas  to  hold.  The  inner  conductors  may  be 
either  hollow  or  solid. 

Condition  for  Maximum  Characieristic  Impedance  ^^ 

Occasionally  it  is  of  interest  to  know  the  condition  that  must  be 
satisfied  to  obtain  maximum  high-frequency  characteristic  impedance 
for  a  solid  pair  with  circular  shield.  At  high  frequencies  the  value  of 
\/^[LC  approaches  a  constant  value  equal  to  the  velocity  of  light 
divided  by  the  square  root  of  the  ratio  of  the  dielectric  constant  of  the 
circuit  to  that  of  air.  Hence  the  condition  for  maximum  characteristic 
impedance  is  also,  from  equation  (11),  that  for  maximum  inductance 
and  minimum  capacitance. 

Accordingly,  the  high-frequency  characteristic  impedance  of  the 
shielded  solid  pair  circuit  is  given  by  the  formula: 


7     -A 


(  log.  r  2.  ^^,  1  -  ^^'  (1  -  4a^)  )  abohms.     (35) 

Let  it  be  assumed  first  that  the  wires  are  very  small  compared  with  the 
shield.     Then  equation  (35)  may  be  written 


-7-  loge 


I   -  a- 


H — P  loge  2p  abohms.  (36) 


For  a  given  ratio  of  inner  diameter  of  shield  to  outer  diameter  of 
conductor,  the  second  term  of  this  expression  is  constant.  By  mini- 
mizing the  first  term  with  respect  to  a,  it  is  found  that,  so  long  as  the 
ratio  of  inner  diameter  of  shield  to  conductor  diameter  is  large,  maxi- 
mum characteristic  impedance  is  obtained  when  a  has  a  value  of  .486. 
If  the  conductors  are  large  compared  with  the  shield,  equation  (36) 
no  longer  holds.  However,  since  the  capacitance  and  high-frequency 
characteristic  impedance  are  inversely  proportional  to  one  another, 
the  position  of  the  conductors  with  respect  to  the  shield  must  be  such  as 
to  minimize  the  capacitance.  It  is  clear  that  as  the  conductor  diameter 
approaches  the  inner  radius  of  the  shield,  a  approaches  0.5  for  minimum 
capacitance.     Hence,   for   any   ratio  of  inner  diameter   of  shield   to 


PROPORTIONING   OF   CIRCUITS   FOR    ATTENUATION  267 

diameter  of  conductor,  the  ratio  of  the  interaxial  separation  of  the 
conductors  to  the  inner  diameter  of  the  shield  which  gives  maximum 
characteristic  impedance  lies  between  the  limits  0.486  and  0.500. 
For  practical  purposes  a  value  of  about  0.49  may  generally  be  used. 

Effect  of  Dielectric 

The  effect  of  dielectric  for  a  shielded  pair  is  similar  to  that  for  a 
coaxial  circuit.  When  the  insulation  is  so  disposed  between  conduc- 
tors and  shield  that  a  line  of  dielectric  flux  passes  through  only  one 
kind  of  dielectric  material,  the  second  term  of  the  attenuation  formula 
is  independent  of  the  proportioning  of  conductors  and  shield,  so  that 
the  optimum  proportions  as  given  in  Figs.  8  and  9  are  unchanged. 
These  values  will  also  serve  for  most  practical  cases  where  a  line  of 
dielectric  fiux  may  pass  through  more  than  one  kind  of  material. 

Effect  of  Frequency 

At  frequencies  where  the  approximate  formulas  no  longer  hold, 
the  conditions  for  minimum  attenuation  as  given  by  Figs.  8  and  9 
undergo  some  change,  especially  the  former.  As  the  frequency  is 
decreased  the  attenuation  is  minimized  by  increasing  the  size  of  con- 
ductor for  a  given  size  of  shield.  In  other  words,  the  optimum 
diameter  ratio  grows  less.  The  optimum  spacing  ratio  increases  from 
0.46  toward  the  value  which  gives  minimum  capacitance,  i.e.,  ap- 
proximately 0.49. 

Pair  in  Space 

It  is  interesting  to  digress  for  a  moment  to  consider  briefly  the  case 
shown  in  Fig.  10  of  a  pair  of  round  conductors  in  space.     This  may 


I'i.H.  10 — I*air  in  space. 

be  regarded  as  a  pair  surrounded  by  a  shield  of  infinite  diameter.  If 
the  conductors  are  of  solid  material,  the  attenuation  of  the  circuit  at 
high  frequencies  is 
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where  P  is  the  proximity  effect  factor,  given  in  a  paper  by  J.  R. 
Carson."'  At  high  frequencies  this  factor  reduces  to  the  asymptotic 
value 

P  =  -=L=  •  (38) 

\V2    -    1 

For  a  given  high  frequency  and  given  wire  separation,  assuming  the 
dielectric  constant  and  conductivity  to  be  fixed,  equation  (37)  becomes 

^'''  (39) 


yju^  —  1  cosh   '  V 

where  K3  is  a  constant. 

For  a  given  wire  separation  this  expression  is  minimized  when 

u  =  ^i=  2.27.  (49) 

b 

For  open-wire  pairs,  which  may  be  considered  as  approaching  pairs  in 
space,  it  is  ordinarily  cheaper  to  obtain  any  desired  attenuation  at  a 
given  frequency  by  using  a  wide  separation  and  relatively  small 
conductors  rather  than  a  narrow^  separation  and  conductors  of  such 
size  as  to  satisfy  (40).  This  relation  is  of  considerable  utility,  how- 
ever, in  that  it  is  a  reasonably  close  approximation  to  the  optimum 
for  many  kinds  of  shielded  pairs.  The  corresponding  ratio  for  the 
shielded  solid  pair,  as  given  by  {33).  and  (34),  is  approximately  2.5. 

Shielded  Stranded  Pair 

The  preceding  discussion  of  shielded  pairs  has  been  limited  to  types 
of  enclosed  conductors  such  that  high-frequency  currents  are  crowded 
toward  the  conductor  surfaces.  There  will  now  be  found  the  optimum 
proportioning  when  the  enclosed  conductors  are  stranded.'^ 

The  capacitance  and  inductance  between  two  shielded  stranded 
wires  when  surrounded  by  a  cylindrical  shield  are  approximately 

C  = p z 5-=T  abfarads  per  cm.,  (41) 

^    1  -  c^ 
2v 


4  log. 
L  =  4  log. 


2v 


1    +C72 

1     -    (T- 
1    +   (T^ 


+  2L,  abhenries  per  cm..  (42) 


where  Li  is  the  internal  inductance  of  each  conductor. 

If  it  be  assumed  that  the  current  distribution  is  uniform  over  the 
cross-section  of  the  enclosed  conductors,  the  resistance  of  each  is  the 
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same  as  if  its  return  were  coaxial.     Hence  the  high-frequency  resistance 
of  each  conductor  is 


Rt  =  -J-  -I /^  abohms  per  cm. 


(43) 


The  high-frequency  resistance  of  the  shield  can  be  shown  to  be 
Sch'       U 


Ro  = 


c'  -  ¥ 


abohms  per  cm. 


(44) 


The  high-frequency  attenuation  of  the  shielded  stranded  pair,  found 
by  substituting  equations  (41)  to  (44)  in  (1),  is,  with  zero  dielectric  loss, 


ni     If  4\n(T-     1 

2^\XiL^  "^  w(l  -  oJ 


log,  2v 


1 


1  +a~ 


4  Iog«  2  J' 


1 


1  +  <j^ 


+  2L 


■] 


nepers  per  cm.   (45) 


The  optimum  proportions  of  the  shielded  stranded  pair  at  high 
frequencies  depend,  therefore,  on  the  two  quantities  m/yn  and  Li. 
For  any  given  shield  radius  c,  the  values  of  h  and  b  which  give  minimum 
attenuation  may  be  found  by  setting 


^  =  0- 
dh         ' 


and 


db 


=  0. 


By  imposing  the  first  condition  it  is  found  that 

dM  jc'  -  h^y  ^        2  log.  J/(4  loge  M  +  2Li)  

dh    Schic'h')        ^  8  loge  M  +  2Li  m 


+  71 


4ch^ 


(46),  (47) 


(48) 


Imposing  the  second  condition  we  find  that 

^2  M  ^       2  log.  iV/(4  loge  A/ +  2L.) 
b        ^  8  log,  M  +  2Li 


\nb      ^*  ~  ^'' 


1 
m  A:ch} 

\nb       ^ 


(49) 


h' 


where  M  =  2un  -  0/(1  +  a'). 

Upon  equating  the  left  hand  members  of  (48)  and  (49),  and  sub- 
stituting the  values  of  the  derivatives,  the  following  expression  results 


P  = 


8(r2(l  +  a') 


^(1 


(50) 


0(1  -  4(t2 
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This  expression  is  the  locus  of  values  of  the  ratio  p  which  give 
minimum  attenuation  for  different  assumed  values  of  the  ratio  a. 
The  unique  values  of  hjc  =  a  and  cjb  =  p,  which  give  minimum 
attenuation  for  a  given  value  of  m/V«  and  Li,  may  be  obtained  by 
taking  pairs  of  a  and  p  which  satisfy  equation  (50),  substituting  them 
in  equation  (45),  and  graphically  determining  the  pair  for  which  the 
attenuation  is  a  minimum. 

Figures  1 1  and  12  show  a  graph,  obtained  in  this  way,  of  the  optimum 
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Fig.  11 — Optimum  diameter  ratio  of  shielded  stranded  pair. 
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proportions  for  a  shielded  stranded  pair,  plotted  as  a  function  of  >?;/V« 
for  a  value  of  Li  equal  to  0.5  abhenry  per  centimeter,  which  corre- 
sponds to  the  case  where  each  conductor  is  completely  stranded. 

Fair  with  Shield  Return 
The  discussion  of  the  shielded  pair  thus  far  has  been  concerned 
solely  with  the  circuit  which  employs  one  of  the  enclosed  conductors 
as  a   return  for  the  other.     A  second  circuit   may  be  obtained  by 
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transmitting  over  the  two  enclosed  conductors  in  parallel  with  the 
shield  as  the  return.  This  latter  circuit  alone  is  less  efficient  than  a 
coaxial  circuit  formed  by  replacing  the  two  inner  conductors  with  a 
single  one.  If,  however,  the  two  circuits  obtainable  from  the  shielded 
pair  structure  can  both  be  employed  without  excessive  mutual  inter- 
ference, there  will  be  a  considerable  increase  in  the  usefulness  of  the 
system,  measured  in  terms  of  the  total  frequency  range  that  can  be 
transmitted  without  exceeding  a  given  attenuation.  It  is  therefore  of 
interest  to  determine  the  conditions  making  the  total  transmitted 
frequency  range  for  the  two  circuits  a  maximum. ^^ 

The  high-frequency  attenuation  of  each  circuit,  assuming  solid 
conductors,  can  be  written 

a  =  K^Tj,  (51) 

where  X  is  a  constant,  different  for  each  circuit,  which  depends  on  the 
size  and  material  of  the  conductors,  and  the  dielectric  constant  of  the 
insulation.     Leakage  is  assumed  negligibly  small. 

Using  subscripts  1  and  2,  respectively,  to  designate  the  circuit 
comprising  the  two  enclosed  conductors  one  as  a  return  for  the  other 
and  the  circuit  comprising  the  two  wires  in  parallel  with  shield  return, 
it  follows  that 

/.+/=  =  |4  +  g-  (52) 

Letting  A  =  aijai 

/. +/2  =  ar(^+^,)-  (53) 

Equation  (53)  gives  the  sum  of  the  frequency  ranges  that  can  be 
transmitted  in  the  above  manner  over  any  given  shielded  pair  for  any 
given  attenuation  at  the  highest  frequencies  of  the  bands.  To  obtain 
maximum  total  range,  this  equation  must  be  maximized. 

The  attenuation  of  the  circuit  comprising  one  enclosed  conductor 
as  a  return  for  the  other  is  given  by  equation  (32),  from  which  the 
value  of  Ki  can  be  obtained  immediately.  An  expression  for  K2  has 
been  given  in  an  unpublished  formula  due  to  Mrs.  vS.  P.  Mead,  as 
follows : 

u+v  1/7 


''^-[^^^]-l^('+-('^^"'^^^'      " 


1  +  4^= 


in  which 
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For  a  given  inner  radius  of  shield  and  jjiven  dielectric  constant  and 
conductor  material,  the  diameter  and  spacing  ratios  which  make  equa- 
tion (53)  a  maximum  can  be  obtained  by  the  substitution  method 
previously  described.  When  the  conductors  and  shield  are  of  the  same 
material  and  ^  =  1,  computation  shows  that  the  total  frequency  range 
is  a  maximum  when  the  radius  ratio  p  equals  5.9  and  the  spacing  ratio 
a  equals  0.33.  This  value  oi  A  =  \  represents  an  important  practical 
case,  since  it  will,  as  a  rule,  be  desirable  to  employ  the  same  repeater 
points  for  each  circuit  and  permit  the  same  attenuations  between 
repeater  points.  It  is  also  of  interest,  however,  to  determine  the 
effect  of  other  values  of  A . 

When  A  is  zero,  the  problem  reduces  to  that  of  the  simple  shielded 
pair,  which  has  been  shown  previously  to  be  minimized  by  the  propor- 
tions given  in  {2>3))  and  (34). 

When  A  becomes  large,  or,  in  other  words,  when  the  phantom  circuit 
alone  is  used,  XjKi^  must  be  maximized.  It  is  obviously  necessary 
that  the  enclosed  conductor  be  in  contact  and,  accordingly,  the  spacing 
ratio  must  be  the  reciprocal  of  the  diameter  ratio.  For  this  condition 
the  following  proportions  result: 

p  =  ^  =  6.0;         a  =  ^  =  0.17.  (55),  (56) 

The  above  proportions  are  optimum  only  when  the  enclosed  con- 
ductors and  the  shield  are  of  the  same  conductivity.  The  relations 
for  the  case  of  unequal  conductivities  may  be  derived  in  a  similar 
manner.  For  practical  purposes  the  effect  of  dielectric  loss  on  the 
optimum  proportions  is  negligible. 

Double  Coaxial  Circuit 
Another  form  of  balanced  and  shielded  transmission  circuits  may  be 
obtained  by  using  two  coaxial  conductor  units,  the  transmission  path 
consisting  of  the  two  inner  coaxial  conductors  in  series,  with  the  outer 
coaxial  conductors  serving  only  for  shielding.  Such  a  circuit  is  shown 
diagrammatically  in  cross-section  in  Fig.  13.  Usually  the  outer 
conductors  would  be  in  practically  continuous  contact  with  each  other. 
A  circuit  of  this  type  will  handle  a  frequency  band  extending  to  lower 
values  than  can  be  used  with  a  single  coaxial  circuit,  since  it  is  balanced 
and  the  two  coaxial  units  can  be  transposed  by  twisting  or  by  periodic 
interchange  of  their  positions.  At  high  frequencies,  where  the  shielding 
of  the  outer  conductor  of  the  coaxial  circuit  becomes  effective,  the  outer 
conductors  may  be  separated  to  any  desired  distance.  It  is  essential, 
however,  that  they  be  connected  together  at  the  ends  of  the  circuit. 
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In  such  a  double  coaxial  circuit,  used  at  hi^h  frefjuencies,  eciual  and 
opposite  currents  will  How  on  the  inner  and  outer  conductors  of  each 
coaxial  unit.  The  resistance  and  inductance  of  the  balanced  circuit 
will,  therefore,  be  twice,  and  the  capacitance  and  leakance  one-half, 
the  corresponding  values  for  one  coaxial  unit.  The  attenuation  of  the 
balanced  circuit  is  equal  to  the  attenuation  of  one  coaxial  unit  and  may 
be  expressed  by  the  formulas  previously  given,  where  the  various 
symbols  are  understood  to  refer  to  one  unit  of  the  circuit.  Accordingly 
the  optimum  high-frequency  proportions  are  the  same  as  those  pre- 
viously derived  for  ordinary  coaxial  circuits  of  different  types. '^ 

As  the  frequency  is  reduced,  the  optimum  proportions  become  dif- 
ferent from  those  for  coaxial  units,  since  the  circuit  inductance  ap- 


Fig.  13 — Double  coaxial  circuit. 

proximates  more  closely  that  for  a  simple  pair  of  wires  occupying  the 
positions  of  the  inner  conductors,  while  the  capacitance  remains  equal 
to  one-half  of  that  of  one  coaxial  unit.  As  a  result  the  optimum 
diameter  ratio  is  larger  than  at  high  frequencies. 


Shielded  Pair — Round  Conductors  and  Oval  Shield 

The  shield  around  a  pair  does  not  have  to  be  cylindrical.  Upon 
consideration  of  a  pair  of  round  conductors  with  a  cylindrical  shield, 
as  shown  in  Fig.  7,  it  is  evident  that  the  shield  approaches  quite  close 
to  the  conductors  at  the  sides,  while  it  is  well  removed  from  them  at 
the  top  and  bottom  of  the  figure.  This  means  that  for  a  given  area 
enclosed  by  the  shield  the  capacitance  of  the  circuit  is  greater  than 
would  be  the  case  if  the  shield  were  kept  at  a  more  nearly  uniform 
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distance  from  the  conductors.  Consequently,  for  a  given  area  cir- 
cumscribed by  the  shield,  a  reduction  of  attenuation  can  be  secured 
by  changing  the  shape  of  the  shield. 

The  problem  of  determining  the  shape  of  shield  which  gives  minimum 
high-frequency  attenuation  presents  extreme  difficulty,  and  a  rigorous 
solution  has  not  been  obtained.  However,  it  appears  that  a  close 
approach  to  the  ideal  shape  can  be  obtained  by  a  shield  having  the 
cross-section   shown    in    Fig.    14,   which   consists   of   two   semi-circles 


joined  by  straight  lines,  the  inner  conductors  being  placed  at  the 
centers  of  the  semi-circles.  For  convenience  this  shape  of  shield  will 
be  termed  "oval." 

The  optimum  proportioning  -"  for  a  pair  of  conductors  with  such  an 
oval  shield  may  be  closely  approximated  by  comparison  with  the 
pair  with  circular  shield  and  with  the  double  coaxial  circuit.  In  such 
comparison  the  cross-sectional  areas  of  the  different  circuits  will  be 
assumed  equal. 

Consideration  will  first  be  given  to  the  case  where  the  enclosed 
conductors  in  Fig.  14  are  of  solid  material.  The  conductivity  of  the 
conductors  will  be  assumed  the  same  as  that  of  the  shield,  it  being 
apparent  that  the  same  methods  may  be  employed  in  the  case  of  dif- 
ferent conductivities.  In  arriving  at  the  spacing  ratio  of  the  conduc- 
tors for  minimum  attenuation,  the  condition  for  minimum  capacitance 
will  be  used  as  a  stepping  stone.  The  spacing  ratio  of  the  conductors 
in  Fig.  14  may  be  represented  by  ho/{co  +  h).  Comparison  with 
Fig.  7  shows  that  the  corresponding  ratio  for  that  figure  is  h/c,  which, 


PROPORTIONING   OF   CIRCUITS    FOR   ATTENUATION  275 

it  has  already  been  seen,  should  have  a  value  of  approximately  .486 
for  niininuini  capacitance.  It  is  evident  that  the  value  of  the  ratio 
//ii/(^o  +  /'n)  for  minimum  capacitance  in  Fip;.  14  should  be  very  close 
to  .486,  but  in  view  of  the  concentricity  of  the  conductors  with  the 
semi-circular  parts  of  the  shield  it  should  be  slightly  less  than  this 
value.  It  has  been  found  that  to  obtain  minimum  capacitance  for 
an  oval  shielded  circuit  the  spacing  ratio  should  be  approximately 

^"      #  .47.  (57) 


Ca  +  h 


It  has  been  seen  for  Fig.  7  that  to  obtain  minimum  high  frequency 
attenuation  the  spacing  ratio  is  shifted  from  the  value  of  .486,  which 
gives  minimum  capacitance,  to  a  value  of  about  .46.  For  F"ig.  14, 
however,  the  current  density  in  the  shield  is  more  uniform,  so  that  the 
proximity  effect  between  conductors  is  less  completely  compensated 
by  the  shield  currents.  Hence  the  spacing  ratio  for  minimum  high- 
frequency  attenuation  for  the  oval  shielded  circuit  should  be  approxi- 
mately the  same  as  that  for  minimum  capacitance,  as  given  in  (57) 
above. 

There  remains  to  be  determined  the  second  condition  for  minimum 
high-frequency  attenuation  for  an  oval  shielded  circuit  of  given  cross- 
sectional  area,  namely,  the  optimum  value  of  the  diameter  ratio  Co/^o. 
Comparison  with  Fig.  13  indicates  that  the  optimum  value  of  this 
ratio  should  be  fairly  close  to  the  optimum  value  of  3.6  for  the  coaxial 
circuit.  Comparison  with  Fig.  7,  Co  being  equal  to  about  .69c  for  equal 
areas  in  the  two  cases,  shows  that  the  optimum  value  of  the  ratio 
Co/6o  should  be  slightly  greater  than  3.6.  For  practical  purposes  the 
optimum  may  be  taken  as 

|-"=3.7.  (58) 

With  this  ratio  the  size  of  the  conductors  with  oval  shield  is,  for  the 
same  cross-sectional  area,  approximately  the  same  as  that  of  the 
optimum  size  of  conductors  with  circular  shield. 

The  capacitance  of  the  pair  with  oval  shield  is  smaller  than  the 
capacitance  of  the  pair  with  circular  shield,  because  the  inner  conduc- 
tors of  the  former  are  more  widely  separated  and  are  farther  from  the 
shield.  It  is  very  slightly  larger  than  the  capacitance  of  the  double 
coaxial  circuit. 

The  part  of  the  resistance  of  the  oval  shielded  circuit  which  is  due 
to  the  shield  will  be  less  than  that  for  a  circular  shield  because  of  the 
more  uniform  current  density  in  the  shield.     However,  as  has  been 
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noted,  the  proximity  effect  between  conductors  is  less  completely 
neutralized  by  the  shield  currents  than  is  the  case  for  the  circular 
shield.  It  appears  that  these  two  effects  may  approximately  balance 
one  another,  and  that  the  circuit  resistance  is  approximately  the  same 
for  both  oval  and  circular  shielded  circuits. 

It  is  found  that  a  circuit  of  approximately  optimum  proportions 
comprising  two  solid  round  wires  surrounded  by  an  oval  shield  has 
about  12  per  cent  lower  attenuation  than  a  circuit  with  circular  shield 
of  equal  cross-sectional  area. 

When  the  conductors  enclosed  within  the  oval  shield  are  stranded 
there  is  no  increase  of  conductor  resistance  due  to  proximity  effect. 
On  this  account  it  is  desirable  to  bring  the  conductors  closer  together 
in  order  to  reduce  the  shield  loss  and  the  optimum  spacing  ratio  will 
be  less  than  for  the  case  of  solid  conductors.  With  stranded  conductors 
the  attenuation  reduction  as  compared  with  the  circular  shield  is 
greater  than  in  the  case  of  solid  wires;  for  example,  if  the  resistance 
ratio  (w)  is  .7,  the  attenuation  with  oval  shield  will  be  about  25  per  cent 
less  than  that  of  the  circular  shield. 

The  circular  form  of  shield  is  ordinarily  the  most  convenient  and 
practical  one.  A  disadvantage  of  an  oval  shield  as  compared  thereto 
is  unequal  stiffness  or  resistance  to  bending  in  different  directions. 

Shielded  Pair — Quasi-Elliptical  Conductors 

It  has  been  suggested  at  different  times  that  the  ordinary  round  form 
of  conductor,  while  well  adapted  for  manufacturing  purposes,  may  not 
be  the  theoretically  optimum  shape  for  many  types  of  high-frequency 
transmission  circuits.  Speculations  in  this  respect  have  differed 
greatly,  and  a  large  variety  of  non-circular  shapes  of  conductors  have 
been  proposed,  including  flat  strips,  strips  with  concave  or  convex 
faces  opposite  one  another,  angular  forms,  etc.  However,  except  in 
the  case  of  the  coaxial  circuit,  for  which  the  circular  form  is  clearly  the 
optimum,  there  has  been,  so  far  as  the  authors  are  aware,  no  exact 
analytical  determination  of  the  optimum  conductor  shape  for  a  given 
type  of  circuit. 

A  complete  treatment  of  possible  problems  of  this  kind  would  extend 
to  great  length.  It  is  worth  while,  however,  to  consider  a  single 
problem,  namely,  that  of  determining  what  shape  and  spacing  for  a 
pair  of  conductors  with  circular  shield  will  result  in  minimum  high- 
frequency  attenuation.  This  problem  is  of  particular  interest  inas- 
much as  the  circular  shape  is  ordinarily  the  most  convenient  and  practi- 
cal one  for  a  shield. 

In  attacking  this  problem  the  fundamental  principles  which  deter- 
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mine  the  hiRh-frcquency  attenuation  of  a  circuit  comprising?  a  pair  of 
conductors  surrounded  by  a  shield  may  be  briefly  examined.  At  high 
frequencies,  where  the  currents  are  crowded  toward  the  surfaces  of 
the  conductors,  the  attenuation  is  proportional  to  the  product  of  the 
resistance  and  capacitance  of  the  circuit,  both  of  which  are  functions 
of  the  flux  density  in  the  dielectric. 

With  a  circular  shield,  and  round  conductors,  the  flux  density  is  far 
from  uniform  around  the  surfaces  of  the  conductors,  being  relatively 
high  at  points  nearest  the  shield  and  also  at  points  nearest  the  shield's 
center,  and  a  minimum  at  points  about  half-way  between.  Accord- 
ingly, it  appears  that  the  high-frequency  resistance  of  the  conductors 
can  be  reduced  by  reshaping  them  so  as  to  make  the  flux  distribution 
more  uniform.  This  can  be  accomplished  by  squeezing  the  conductors 
at  regions  of  maximum  flux  density  and  bulging  them  at  regions  of 
minimum  flux  density,  thereby  producing  a  conductor  of  approxi- 
mately elliptical  cross-section. 

The  flux  distribution  around  the  shield  is  also  far  from  uniform,  being 
a  maximum  at  points  nearest  the  conductors  and  a  minimum  at  points 
90  degrees  away.  Making  the  enclosed  conductors  elliptical  tends  to 
reduce  this  non-uniformity,  thereby  reducing  the  circuit  resistance  due 
to  loss  in  the  shield. 

This  process  of  reshaping  the  conductors  can  not  be  carried  very  far, 
however,  because  it  soon  increases  the  circuit  capacitance  more  than 
it  decreases  the  resistance.  It  is  difficult  to  treat  this  problem  by 
rigorous  mathematics,  but  an  analysis  can  be  made  which  yields  an 
approximate  solution. 

For  certain  conductor  shapes,  the  high-frequency  attenuation  of  a 
pair  with  circular  shield  may  be  determined  by  a  method  involving  the 
substitution  of  charged  filaments  for  the  conductors.  Let  any  number 
of  positively  and  negatively  charged  filaments  be  included  in  the  shield, 
the  net  charge  on  the  filaments  being  zero.  The  electrostatic  potential 
at  any  point  of  this  system  can  readily  be  determined  by  known  meth- 
ods. Thus,  for  example,  Fig.  15  shows  the  location  of  the  equipo- 
tential  surfaces  for  the  case  of  two  oppositely  charged  filaments  placed 
within  a  circular  shield,  the  distance  from  each  filament  to  the  center 
of  the  shield  being  .46  times  the  shield  radius. 

In  any  such  system,  a  conducting  cylinder  whose  external  surface 
corresponds  to,  and  whose  potential  is  equal  to  the  potential  of,  a 
particular  equipotential  surface  may  be  substituted  for  the  part  of  the 
system  contained  within  that  surface  without  disturbing  the  flux 
distribution  external  to  it.  Consequently,  the  capacitance  of  a 
shielded  circuit  employing  equal  and  oppositely  charged  conductors 
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having  the  same  shape  as  any  two  corresponding  equipotential  sur- 
faces of  the  electrostatic  system  can  be  determined. 

The  flux  density  at  any  points  on  the  conductors  or  on  the  shield  is 
proportional  to  the  rate  of  change  of  the  potential  with  respect  to  the 
normal  to  the  surface  at  that  point.  The  high-frequency  resistances 
of  the  conductors  and  shield,   respectively,  are  proportional   to  the 


Fig.  IS — Equipotential  lines  around  shielded  charged  filaments. 

integral  of  the  square  of  the  flux  density  around  their  periphery. 
Thus  the  high-frequency  resistance  of  the  circuit  may  be  determined, 
and  from  this  and  the  capacitance,  the  high-frequency  attenuation. 

This  method  makes  it  possible  to  determine  and  compare  the  high- 
frequency  attenuations  of  conductors  having  shapes  corresponding  to 
the  equipotential  surfaces  for  various  assumed  arrangements  and 
numbers  of  charged  filaments.     If,  however,  the  problem  be  that  of 
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determining  the  attenuation  for  a  given  shape  of  conductor,  there  may 
be  great  difficulty  in  finding  the  arrangement  and  number  of  filaments 
which  will  produce  an  equipotential  surface  to  coincide  with  the  given 
shape. 

By  applying  this  method  to  a  series  of  approximately  elliptical 
conductors  previously  shown  to  be  of  the  shape  that  would  be  expected 
to  have  lower  attenuation  than  circular  conductors,  what  is  considered 
a  close  approximation  to  the  optimum  shape  of  conductor  for  a  pair 
with  circular  shield  has  been  arrived  at.  This  is  approximately  an 
ellipse  whose  major  axis  is  about  5  per  cent  longer  than  its  minor  axis, 
the  latter  being  in  line  with  the  center  of  the  shield.  The  high- 
frequency  attenuation  of  a  circuit  with  circular  shield  and  conductors 
of  this  shape  is  approximately  2  per  cent  lower  than  that  for  the  same 
shield  with  round  conductors.  This  reduction  does  not  appear  enough 
to  offset  the  practical  difficulties  involved  with  conductors  of  such 
shape. 

Shielded  Quad 

The  number  of  conductors  enclosed  within  a  shield,  instead  of  being 
one,  as  in  the  coaxial,  or  two,  as  in  the  shielded  pair,  may  be  more. 
By  placing  four  conductors  within  a  common  shield,  two  separate 
balanced-to-ground  circuits  may  be  obtained.  If  sufficiently  good 
balance  can  be  obtained  between  these  circuits,  the  total  frequency 
band  which  can  be  transmitted  within  a  given  cross-sectional  area  may 
be  increased.  To  obtain  balance,  the  plane  of  the  conductors  of  one 
circuit  needs  to  be  at  right  angles  to  that  of  the  other  circuit  and  all 
conductors  should  be  equidistant  from  the  axis  of  the  shield.  The 
pairs  may  be  twisted  or  spiralled  about  the  axis  of  the  shield. 

An  arrangement  of  this  kind  is  show^n  in  Fig.  16,  where  four  round 
conductors  are  placed  within  a  circular  shield  to  form  a  shielded  quad, 
or,  as  it  is  frequently  described  when  the  conductors  are  twisted,  a 
"shielded  spiral  four."  Diagonally  opposite  conductors  are  used  as 
the  sides  of  a  circuit. 

Approximate  formulas  for  the  high-frequency  attenuation  of  either 
circuit  of  Fig.  16,  when  the  enclosed  conductors  are  solid,  have  been 
derived  in  unpublished  work  of  Mrs.  S.  P.  Mead  and  S.  A.  Schelkunoff. 
The  optimum  high-frequency  proportioning  of  the  system,  assuming 
the  same  conductivity  for  both  enclosed  conductors  and  assuming 
gaseous  dielectric,  has  been  determined  by  Mrs.  Mead.  The  results 
are  shown  in  Figs.  17  and  18,  where  the  optimum  diameter  ratio  and 
spacing  ratio  are  plotted  as  functions  of  the  ratio  of  the  conductivity 
of  the  enclosed  conductors  to  that  of  the  shield.     For  the  case  of 
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equal  conductivities  of  conductors  and  shield  the  optimum  values  are 
9=^1=  6-8;         ""  ^\=  -49.  (59),  (60) 

These  values  may  be  compared  with  5.4  and  .46,  respectively,  for  the 
pair  of  round  conductors  with  circular  shield.  The  high-frequency 
attenuation  of  each   shielded   quad  circuit  with  optimum  design   is, 
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ratio. 

for  the  same  diameter  of  shield,  about  10  per  cent  higher  than  that  of 
a  shielded  pair  for  its  optimum  design. 

Conclusion 

There  have  been  discussed  a  number  of  different  types  of  individually 
shielded  circuits,  both  balanced  and  unbalanced,  and  the  proportioning 
of  these  circuits  for  minimum  high-frequency  attenuation  has  been 
determined.  The  following  table  summarizes  the  optimum  pro- 
portions for  the  more  important  circuits  treated  above.  The  values 
given  are  for  the  case  where  all  the  conductors  are  of  the  same  material. 


Diameter 
Circuit  Ratio  (p) 

Simple  coaxial 3.59 

Double  coaxial 3-59 

Shielded  pair,  round  conductors  and  circular  shields.. .   5.4 

Shielded  pair,  round  conductors  and  oval  shield 3.7 

Shielded  quad 6.8 


spacing 
Ratio  (<t) 


0.46 
0.47 
0.49 


Of  the  transmission  characteristics  of  these  circuits,  a  property  of 
particular  interest  is  the  attenuation,  since,  assuming  adequate 
shielding,  it  is  this  which  determines  either  the  required  repeater 
spacing  for  a  given  transmitted  frequency  band  or  the  width  of  fre- 
quency band  obtainable  with  a  given  repeater  spacing.  For  each  type 
of  circuit  considered  there  has  been  determined  the  ideal  proportioning 
whereby  the  high-frequency  attenuation  of  the  circuit  may  be  mini- 
mized. In  addition  a  variety  of  methods  for  the  solution  of  problems 
in  optimum  proportioning  have  been  outlined. 

It  is,  of  course,  feasible  by  adjustment  of  size  to  obtain  the  same 
high-frequency  attenuation  for  all  these  different  types  of  circuits. 
However,  the  size  of  a  structure  is  usually  reflected  in  its  cost.  An 
interesting  picture  can  therefore  be  drawn  by  comparing  the  attenua- 
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tions,  at  the  same  high  frequency,  of  different  types  of  circuits  having 
the  same  cross-sectional  area  and  of  the  same  material.  For  structures 
with  solid  wall  conductors  and  air  insulation  the  comparison  works 
out  as  shown  in  the  table  below,  the  attenuation  of  the  coaxial  circuit 
being  used  as  a  standard  of  reference. 

Coaxial  circuit 1.00 

Shielded  pair,  round  conductors  and  circular  shield 1.50 

Double  coaxial  circuit 2.00 

Shielded  pair,  round  conductors  and  oval  shield,  approximately 1.3 

Shielded    pair,    circular   shield   with    quasi-elliptical   conductors,   ap- 
proximately      1 .47 

In  each  case  the  cross-sectional  area  is  taken  as  that  enclosed  within 
the  shield.  This  neglects  any  differences  in  the  thickness  of  shield 
that  may  be  required. 

A  specific  comparison  of  considerable  interest  is  that  between  an 
unbalanced  coaxial  circuit  and  a  shielded  pair,  the  latter  being  taken 
as  representative  of  shielded  balanced  circuits.  The  table  shows  that, 
for  the  same  attenuation,  the  cross-sectional  area  included  within  the 
shield  is  larger  for  the  shielded  pair  than  for  the  coaxial  circuit.  On 
the  other  hand,  the  use  of  balance  in  addition  to  shielding  is  advan- 
tageous in  that  it  reduces  the  amount  of  shielding  needed.  The  shielded 
pair  makes  possible  the  utilization  of  the  entire  frequency  range,  if 
desired,  whereas  with  a  coa.xial  circuit  it  is  necessary  to  discard  the  lower 
frequencies  where  it  is  uneconomical  to  provide  adequate  shielding. 

A  thorough-going  comparison  of  the  relative  advantages  and  fields 
of  application  of  the  various  types  of  circuits  which  have  been  dis- 
cussed w^ould  extend  to  great  length.  Clearly  a  large  number  of 
factors  enter  into  the  choice  of  the  configuration  of  shielded  high- 
frequency  circuit  to  be  used  in  any  given  instance.  These  factors 
include  the  width  of  frequency  band  to  be  transmitted,  the  degree  of 
shielding  required,  the  relative  economy  of  manufacture  of  different 
structures,  etc.  While  a  complete  exposition  of  these  factors  has  not 
been  attempted,  the  principles  of  optimum  proportioning  which  have 
been  discussed  should  be  helpful  in  selecting  the  best  configuration  to 
meet  given  requirements,  and  the  particular  configuration  chosen 
should  be  made  to  conform  reasonably  closely  to  the  optimum. 
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Hyper-Frequency  Wave   Guides — General   Considerations 
and  Experimental  Results  * 

By  G.  C.  SOUTHWORTH 

A  peculiar  form  of  electrical  propagation  is  described  below.  It  makes 
use  of  extremely  high  frequencies — «ven  beyond  those  generally  employed 
in  radio.  In  some  respects  it  resembles  ordinary  wire  transmission  but  un- 
like the  latter  there  are  no  return  conductors,  at  least  of  the  usual  kind. 

In  this  transmission,  electromagnetic  waves  are  sent  through  guides  made 
up  either  of  an  insulator  alone  or  of  an  insulator  surrounded  b\-  a  conductor. 
In  a  special  case  this  insulator  may  be  air.  There  are  at  least  four  different 
types  of  waves  or  electrical  configurations  that  may  be  propagated.  One  of 
them  is  such  that  theor\-  indicates  its  attenuation  through  a  hollow  conduc- 
tor continuousK-  decreases  with  increase  of  frequency.  Although  the  paper 
deals  largely  with  the  nature  of  this  transmission,  some  of  the  fundamental 
pieces  of  apparatus  used  in  experimental  work  are  described.  The\'  include 
generators,  receivers  and  wave-meters. 

Introduction 

THIS  paper  describes  a  novel  form  of  electrical  propagation  by 
means  of  which  extremely  high-frequency  waves  may  be  trans- 
mitted from  one  point  to  another,  through  specially  constructed  wave 
guides.  The  guide  used  for  this  purpose  may  take  any  one  of  several 
different  forms.  It  may  be  a  hollow  copper  pipe,  which  for  the  higher 
frequencies  now  available  would  be  about  3  or  4  inches  in  diameter, 
or  possibly  a  somewhat  smaller  conducting  tube  filled  with  some  in- 
sulating material  combining  high  dielectric  constant  and  low  loss,  or 
it  may  conceivably  be  a  rod  or  wire  of  dielectric  material. ^ 

The  phenomena  involved  in  this  form  of  transmission  are  exceed- 
ingly interesting  and  at  first  sight  paradoxical  for  in  some  cases  trans- 
mission is  effected  through  a  single  wire  of  insulating  material  sur- 
rounded by  metal  in  place  of  a  pair  of  metal  wires  surrounded  by 
insulation.  In  others  the  wire  is  made  entirely  of  insulating  material. 
In  still  others  electrical  effects  are  observed  only  on  the  interior  of 
hollow  metal  cavities  instead  of  the  exterior  only  as  is  ordinarily 
experienced.  In  all  cases  there  is  no  return  current  path,  at  least  of 
the  kind  that  is  commonly  assumed  in  ordinary  transmission. 

The  frequencies  appropriate  for  this  form  of  transmission  begin  at 
the  higher  of  those  generally  known  as  ultra-high  frequencies  that  is, 
2000  mc.  (X  =  15  cm.)  and  extend  to  an  indefinite  upper  limit  possibly 

*To  be  presented  at  joint  meeting  of  Amer.  Phys.  Soc.  and  I.R.E.,  Washington 
D.  C,  April  30,  1936. 

•  The  mathematical  theor\-  of  these  phenomena  is  given  in  a  companion  paper 
by  J.  R.  Carson,  S.  P.  Mead  and  S.  A.  SchelkunofT,  this  issue  of  the  Bell  System 
Technical  Journal. 
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set  by  the  properties  of  available  materials.  These  have  for  con- 
venience been  called  hyper-frequencies.  When  these  electromagnetic 
waves  are  propagated  through  either  of  the  two  forms  of  guide  men- 
tioned above  that  incorporates  a  metal  sheath,  there  is  little  or  no 
external  field  and  consequently  little  or  no  interference  from  static 
or  other  extraneous  noises. 

As  already  mentioned  there  is  no  return  conductor,  at  least  of  the 
kind  with  which  we  are  generally  familiar  in  ordinary  wire  or  coaxial 
cable  transmission.  Corresponding  to  this  difference  in  physical  struc- 
ture there  are  striking  differences  in  the  character  of  the  waves  prop- 
agated. On  the  other  hand,  when  we  compare  this  transmission  with 
radio,  where  there  might  at  first  sight  appear  to  be  great  similarity, 
we  find  little  or  no  correspondence,  for  it  turns  out  that  as  regards 
both  the  velocity  of  propagation  and  attenuation  per  unit  length, 
radio  and  wave  guides  follow  quite  different  laws. 

In  answer  to  the  natural  question  as  to  what  practical  use  there 
may  be  for  transmission  methods  of  this  type  the  following  considera- 
tions may  be  of  interest:  The  size  of  structure  that  may  be  used  as 
a  guide  is  directly  proportional  to  the  wave-length.  It  happens  that 
in  structures  that  are  at  all  convenient  in  size,  the  necessary  frequencies 
correspond  approximately  to  the  highest  range  now  being  tried  out 
in  radio.  If  the  size  of  structure  is  further  reduced  to  make  it  more 
economical  for  use  for  long  distance  transmission,  it  is  then  neces- 
sary to  use  frequencies  above  this  range.  Thus  far  these  can  be 
produced  and  handled  only  with  serious  difficulty.  Although  it  is 
possible  to  reduce  the  size  of  the  guiding  structure  for  a  given  fre- 
quency by  the  use  of  a  suitable  dielectric  we  are  met  with  a  conflicting 
difficulty  of  producing  at  reasonable  cost  the  necessary  medium  that 
will  incorporate  high  dielectric  constant  with  sufficiently  low  losses. 
The  situation  then  is  that  the  art  at  these  extreme  frequencies  is  not 
yet  at  a  point  which  permits  a  satisfactory  evaluation  of  practical  use. 
However,  for  short  distance  transmission  or  for  use  as  antennas  or 
projectors  of  radio  waves  or  for  selective  elements  analogous  in  nature 
to  the  tuning  elements  so  commonly  used  in  radio,  there  are  not  the 
same  economic  conditions  limiting  the  size  of  structure.  For  such 
uses,  then,  structures  of  this  type  deserve  serious  consideration. 

Theory  indicates  that  one  of  the  four  types  of  waves  (designated 
below  as  //o)  has  progressively  less  attenuation  as  its  frequency  is 
increased.  It  happens,  however,  that  this  type  requires  for  a  given 
guide  a  higher  range  of  frequencies  than  any  others.  This  puts  it, 
therefore,  in  a  frequency  range  where  the  art  is  even  less  developed 
than  for  the  other  types  of  transmission  and  where  it  is  even  more 
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difficult  to  evaluate  the  economic  and  practical  problems.  This 
paper  will,  therefore,  confine  itself  to  a  discussion  of  some  of  the 
fundamental  properties  of  wave  guides  derived  either  from  calculation 
or  experiment.  These  properties  include  characteristic  impedance, 
attenuation  and  velocity  'of  propagation  as  well  as  frequency,  selec- 
tivity and  radiation. 

Nature  and  Properties  of  Wave  Guides 

Analysis  has  shown  that  there  are  many  kinds  of  waves  that  may  be 
propagated  through  cylindrical  guides.  However,  four  of  them  are 
of  unusual  interest  and  are  such  as  merit  special  consideration  at  this 
time.  All  four  have  been  experimented  with  in  our  laboratory  and 
their  more  important  characteristics  have  been  determined.  This 
experimental  work  has  been  paralleled  by  a  mathematical  theory  ^  to 
which  it  conforms  most  satisfactt)rily. 

A  good  mental  picture  of  the  nature  of  the  waves  propagated 
through  guides  can  probably  best  be  had  by  abandoning  the  ordinary 
concept  of  current  electricity  flowing  in  a  "go  and  return"  circuit 
in  favor  of  that  of  lines  of  electric  and  magnetic  force.  This  latter 
concept  has,  of  course,  always  been  applicable  even  for  low-frequency 
transmission  over  parallel  wires  or  coaxial  conductors  but  due  to  its 
complexity  in  pictorial  representation  it  has  usually  been  avoided.  In 
the  form  of  transmission  with  which  we  are  now  concerned,  the  field 
point  of  view  is  almost  necessary. 

Figure  1  is  a  pictorial  representation  based  on  this  point  of  view 
of  the  four  types  of  waves  mentioned  above  as  found  in  a  guide  sur- 
rounded by  a  metallic  conductor.  In  these  models  the  lines  of  electric 
force  have  been  represented  by  solid  lines  and  the  lines  of  magnetic 
force  have  been  shown  by  dotted  lines.  In  the  longitudinal  sections, 
the  small  open  circles  represent  lines  of  force  directed  toward  the 
observer.  The  solid  circles  represent  lines  directed  away  from  the  ob- 
server. The  designations  £o,  -Ei,  Ih  and  Th  are  convenient  reminders 
of  certain  characteristics  of  these  waves. 

The  first  two  waves  have  been  designated  as  electric  because  there 
is  a  component  of  electric  force  in  the  direction  of  propagation.  For 
similar  reasons  the  latter  have  been  known  as  magnetic  waves.  Such 
a  designation  is,  of  course,  rather  arbitrary  and  should  not  be  con- 
strued to  mean  that  either  component  resides  alone.  It  is  true  here 
as  in  other  forms  of  electromagnetic  waves  with  which  we  are  generally 
familiar,  that  both  the  electric  and  magnetic  components  are  essential 
to  the  very  existence  of  the  wave  and  that  they  may  conveniently  be 
considered  as  different  aspects  of  the  same  thing. 
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Fig.  1— Approximate  configuration  of  lines  of  electric  and  magnetic  force  in  a 
typical  wave  guide.  Small  solid  circles  represent  lines  of  force  directed  away  from 
observer.  Propagation  is  assumed  to  be  directed  to  the  right  and  awa>  from  the 
observer. 
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Electroma.i:jnetic  waves  cannot  be  freely  transmitted  in  dielectric 
wires  or  hollow  conductors  at  all  frequencies  but  only  when  the  wave- 
length is  less  than  a  certain  value  set  by  the  material  of  the  guide  and 
its  dimensions.  There  is,  therefore,  for  a  given  guide  a  critical  fre- 
quency below  which  waves  may  not  be  propagated.  We  refer  to  this 
as  the  cut-ofT  frequency.  In  a  similar  way  we  have  for  a  given  fre- 
quency, critical  or  cut-off  diameters.  These  critical  frequencies  de- 
pend not  only  on  the  diameter  id)  of  the  guide  but  on  the  dielectric 
constant  (k)  of  the  medium  as  well.  Also  they  are,  in  general,  different 
for  the  different  types  of  waves.  For  guides  enclosed  by  a  metallic 
conductor  the  cut-off  wave-length  is  such  that  the  circumference  of 
the  guide  measured  in  wave-lengths  is  equal  to  the  roots  of  certain 
Bessel's  functions.  These  in  turn  result  from  solution  of  the  Max- 
well equations  expressed  in  cylindrical  coordinates.  These  relations 
are  shown  more  fullv  in  Table  I. 


TABLE  I 

Type  of  Wave 

Bessel  Functon 

Root 

Cut-off  Wave-length 
X 

H, 
H, 

Jo{X)  =  0 
J^{X)  =  0 
Jo'{X)  =  0 
Ji'(X)   =  0 

X  =  2.41 
.Y  =  3.83 
.Y  =  3.83 
.Y  =  1.84 

l.SldylK 
O.SIdylK 

OMdy/K 
\.7\dylK 

As  a  simple  numerical  example  let  us  assume  the  Hi  type  of  wave 
having  a  frequency  of  3000  mc.  (X  =  10  cm.)  being  propagated  in  a 
hollow  metallic  pipe.  The  critical  diameter  turns  out  to  be  5.85  cm. 
or  roughly  2.v30  inches.  If  the  space  were  filled  with  a  material  having 
a  dielectric  constant  of,  say  5,  this  would  have  been  reduced  to  a  diam- 
eter of  roughly  one  inch.  For  higher  frequencies  or  for  materials 
having  still  higher  dielectric  constants  these  critical  dimensions  would 
obviously  be  still  further  reduced  and  would  be  comparable  in  size  to 
the  larger  conductors  used  in  ordinary  electrical  practice.  The  critical 
dimensions  for  the  other  types  of  waves  are  of  course  larger. 

Referring  again  to  Fig.  1  we  see  that  in  the  so-called  En  type  of 
wave,  a  line  of  electric  force  originating  at  a  point  a  on  the  inner  surface 
of  the  wall  of  the  guide  passes  radially  toward  the  center  then  axialh* 
and  again  radially  to  a  corresponding  point  b  on  the  inner  wall  roughly 
one-half  wave-length  farther  along.  The  entire  wave  front  as  seen 
in  cross  section  cut  through  cd  consists  of  a  symmetrical  arrange- 
ment of  these  radial  lines.  The  magnetic  field  associated  with 
this  wave  consists  of  a  series  of  coaxial  circles  shown  as  dotted  lines  not 
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unlike  the  nia^inetic  field  in  a  coaxial  conductor  such  as  shown  in 
Fig.  2.  The  F.i  wave  consists  of  electric  and  magnetic  lines  very  simi- 
lar in  form  to  those  associated  with  two  parallel  electric  conductors 
surrounded  by  a  metallic  shield.  The  similarity  between  the  fields  for 
the  two  dielectric  waves  and  the  corresponding  two  arrangements 
for  ordinary  transmission  is  made  more  obvious  by  a  comparison  of 
Fig.  1  with  Fig.  2.  For  the  most  part  this  similarity  ends  at  this 
point,  however,  as  their  corresponding  properties  follow  quite  differ- 
ent laws. 


(a)  coaxial  conductor 


LINES  OF  ELECTRIC   FORCE 


(b)   shielded    PAIR 

LINES   OF  MAGNETIC   FORCE 


Fig.  2 — Approximate  configuration  of  lines  of  electric  and  magnetic  force  in  a 
coaxial  conductor  and  also  in  a  shielded  pair  of  conductors.  Note  similarity  to  £o 
and  El  waves  of  Fig.  1. 

The  configurations  of  the  two  magnetic  waves  are  somewhat  similar 
to  the  electric  waves  provided  we  assume  the  electric  and  magnetic 
components  to  be  interchanged.  Nature  has  thus  far  failed  to  provide 
us  with  materials  that  possess  exclusively  magnetic  conductivity  in 
the  sense  that  copper  possesses  electrical  conductivity  so  there  are  no 
counterparts  of  Fig.  2  applicable  to  magnetic  weaves. 

The  general  shape  of  the  lines  of  electric  force  for  all  of  these  types 
of  waves  have  been  calculated.  These  fields  have  also  been  verified 
experimentally  by  means  of  a  small  probe  consisting  of  a  crystal 
detector  with  short  pick-up  wires  connected  to  a  sensitive  meter. 
This  probe  was  carried  over  the  cross-section   of   the  guide  always 
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orienting  the  detector  to  obtain  maximum  deflection.  These  data 
confirmed  not  only  the  directions  of  the  lines  of  force  but  their  relative 
density  as  well. 

There  is  one  characteristic  of  the  //o  and  7/i  configurations  that  at 
first  sight  seems  inconsistent  with  our  more  usual  views  of  electricity. 
It  is  the  existence  of  a  substantial  tangential  component  of  electric 
force  apparently  in  close  proximity  to  a  metallic  conductor.  It  must 
be  borne  in  mind  however  that  these  frequencies  are  extremely  high 
and  that  these  distances  after  all  represent  an  appreciable  part  of  a 
wave-length. 

If  any  of  the  four  types  of  waves  depicted  above  are  propagated 
through  a  wire  of  dielectric  material  without  the  metal  enclosure, 
lines  of  electric  force  which  previously  attached  themselves  to  the 
inner  walls  of  the  sheath,  in  general,  extend  into  the  surrounding  space 
and  close  as  loops.  This  means  that  as  the  wave  moves  along  the 
guide  a  portion  of  the  wave  power  is  propagated  through  the  dielectric 
itself  and  a  part  through  the  surrounding  space.  The  proportionate 
parts  of  the  electric  and  magnetic  fields  resident  inside  and  outside 
the  dielectric  are  amenable  to  calculation.  As  might  be  expected  they 
depend  both  on  the  dielectric  constant  of  the  material  and  on  the 
proximity  to  cut-ofT  at  which  the  guide  is  operated.  Results  of  such 
calculation  for  the  Eo  type  of  wave  are  shown  in  Fig.  3,  each  for  various 
proximities  to  cut-ofT.     A  dielectric  constant  of  81  is  assumed. 

For  high  dielectric  constants  and  for  frequencies  far  above  the  cut- 
off, the  power  is  propagated  largely  inside  the  guide  whereas  for  low 
dielectric  constant  and  for  frequencies  just  above  the  cut-off,  a  sub- 
stantial amount  of  the  power  travels  outside  the  guide.  In  the  first 
case  inductive  disturbances  communicated  to  neighboring  guides  are 
very  small  and  correspondingly  the  guide  is  substantially  immune  to 
outside  disturbances.  In  the  second  case  these  important  advantages 
are  absent. 

As  already  stated,  many  of  the  properties  of  wave  guides  are  amen- 
able to  calculation.  Formulas  for  the  purpose  are  included  in  the 
mathematical  paper  already  referred  to.  Certain  of  these  properties 
are  intrinsic — as  for  example,  velocity  of  propagation,  attenuation 
and  characteristic  impedance.  Others  may  be  regarded  as  extrinsic 
in  that  they  result  largely  from  the  manner  in  which  the  guide  is  used. 
Examples  of  the  latter  are  frequency-selectivity  and  radiation. 

Velocity  of  Propagation- 
It  will   be   remembered   that   the  velocity  of  electric  waves  over 
ordinary  conductors  immersed  in  a  particular  medium  is  substantially 
that  of  light  for  that  medium.     In  other  words  it  is  equal  to  the  velo- 
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Fig.  3 — Relative  intensities  of  electric  and  magnetic  fields  inside  and  outside  a 
dielectric  wire  while  propagating  the  Eo  type  of  wave.  A  dielectric  constant  of  81 
is  assumed. 
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city  of  light  in  free  space  divided  by  the  index  of  refraction  (square 
root  of  the  dielectric  constant).  It  is  also  dependent  to  a  small  extent 
on  the  resistance  and  permeability  of  the  conductors  themselves. 
The  velocity  of  propagation  in  wave  guides  depends  not  only  on  these 
properties  but  also  on  the  dimensions  of  the  guide  as  well.  For  a 
cylindrical  guide  it  is  convenient  to  express  the  relation  between 
frequency  and  dimension  as  a  ratio  of  wave-length  in  free  space  to 
diameter  (X/(i).  Also  the  velocity  in  the  guide  may  conveniently  be 
expressed  as  its  ratio  to  the  velocity  of  light  {cjv  =  k).  Designating 
by  X  the  wave-length  in  free  space  and  by  X^  the  wave-length  in  the 
guide  k  =  X/Xp.  Figures  4,  5  and  6  show  in  graphical  form  these 
velocity  ratios  for  three  representative  cases.  The  solid  curves  are 
calculated.     The  points  are  experimental. 

Figure  4  covers  the  case  of  Eq  waves  in  a  dielectric  having  a  constant 
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Fig.  4 — Velocity  ratio  for  the  E,j  type  of  wave  in  a  dielectric  wire  {K  =  81). 


of  81  when  surrounded  by  air.  It  will  be  observed  that  at  the  highest 
frequencies  (lowest  values  of  \/d)  the  velocity  of  propagation  is  one 
ninth  that  of  light  in  free  space  whereas  at  the  lower  frequencies 
(near  cut-off)  the  velocity  is  that  of  light  in  free  space.      If  the  di- 
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electric  constant  were  pro.u:ressively  lowered  the  velocity  even  at  the 
highest  frequencies  would  approach  that  of  light  in  free  space  and  the 
curve  shown  would  become  progressively  flatter.  In  the  limit  the 
dielectric  constant  would  he  unity  and  the  velocity  ratio  also  would  be 
unity.  Under  this  circumstance  the  dielectric  wire  having  a  constant 
substantially  the  same  as  that  of  the  surrounding  medium  would 
cease  to  function  as  a  guide. 

The  experimental  points  of  Fig.  4  were  obtained  by  transmitting 
waves  at  each  of  several  frequencies  ranging  from  100  mc.  (X  =  300 
cm.)  to  400  mc.  (X  =  75  cm.)  through  columns  of  moderately  pure 
water.  The  distances  between  nodes  and  loops  of  the  standing  waves 
gave  data  for  the  velocity  of  propagation.  The  method  therefore 
utilized,  in  a  modified  form,  a  technic  sometimes  invoked  for  deter- 
mining the  velocity  of  electric  waves  on  wires  or  the  velocity  of  sound 
in  air  columns.  The  columns  were  supported  in  thin  walled  bakelite 
cylinders  each  about  three  feet  long.  Two  diameters  were  used, 
6  inches  and  10  inches  respectively. 

Figure  5  covers  the  case  of  the  same  type  of  waves  and  the  same 
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Fig.  5 — Velocity  ratio  for  the  £o  type  of  wave  in  a  metal  pipe  filled  with  an  insulator 
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dielectric  as  above  but  surrounded  by  metal.  It  will  be  noted  that 
the  limits  of  this  curve  are  essentially  the  same  as  for  the  unshielded 
guide  but  that  the  two  curves  follow  rather  different  courses.  If, 
in  this  case,  the  dielectric  constant  were  protjressively  reduced  the 
curve  shown  would  gradually  shrink  into  the  miniature  replica  shown 
dotted  in  the  lower  left  corner.  This  is  of  course  the  practical  case 
of  a  hollow  conductor  to  be  discussed  shortly.  The  above  discussion 
leads  naturally  to  the  view  that  a  wave  guide  is  a  propagating  medium 
bounded  by  a  dielectric  discontinuity.  In  one  case  the  discontinuity 
is  the  interface  between  the  dielectric  of  the  guide  and  the  surrounding 
medium.  In  the  other  it  is  the  interface  between  the  dielectric  and 
a  surrounding  conductor. 

It  will  be  noted  from  Fig.  5  that  at  the  highest  frequencies  the  phase 
velocity  in  shielded  guides,  like  that  for  unshielded  guides,  is  the 
same  as  the  velocity  along  ordinary  conductors  in  that  medium  but 
at  frequencies  near  the  cut-off  this  velocity  approaches  infinity.  The 
solid  curve  is  calculated  on  the  assumption  that  the  medium  had  a 
dielectric  constant  of  81.  The  indicated  points  are  the  results  of 
experiments  made  with  water  as  a  dielectric.  For  this  experiment 
the  water  was  supported  in  three-foot  cylinders  of  copper,  six  inches  and 
ten  inches  in  diameter  respectively.  The  same  range  of  frequencies 
was  used  as  above.  A  somewhat  closer  agreement  between  calcula- 
tion and  experiment  would  have  resulted  if  a  value  of  dielectric  con- 
stant of  78.9  had  been  assumed  in  the  computations. 

TABLE  II 
Velocity  Ratios  for  Hi  Waves  in  Hollow  Conductors 


Ratio  Velocity 

in  Free  Space  to  Velocity 

Ratio  Space  Wave- 

in G 

uide 

length  to  Guide 

Difference 

Per  Cent 

Diameter  ' 

Calculated  ' 

Measured  ' 

0.980 

0.818 

0.818 

0.000 

0.0 

1 .033 

0.795 

0.797 

0.002 

0.3 

1.108 

0.757 

0.762 

0.005 

0.7 

1.246 

0.684 

0.683 

-  0.001 

-  0.1 

1.375 

0.592 

0.601 

0.009 

1.5 

1.469 

0.510 

0.514 

0.004 

O.S 

1.547 

0.424 

0.429 

0.005 

1.2 

1  Probable  error  0.4  per  cent. 

^  Probable  error  0.4  per  cent. 

'  Probable  errors  (arising  from  error  in  X/rf)  range  from  0.2  per  cent  for  X/rf  =  0.98 
to  1.8  per  cent  for  \ld  =  1.55.  Note  that  agreement  in  most  cases  is  within  probable 
error.  However  the  fact  that  in  all  but  (jiie  observation  differences  have  same  sign 
suggests  some  systematic  relation. 
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Figure  6  is  based  on  calculations  covering  the  case  of  a  hollow 
conductor  (air  dielectric)  propagating  the  Ih  type  of  wave.  The 
experimental  data  for  plotting  points  on  Fig.  6  were  obtained  at 
frequencies  extending  from  1500  mc.  (X  =  20  cm.)  to  2000  mc.  (X  =  15 
cm.)  on  hollow  cylinders  ranging  in  diameter  from  four  inches  to  six 
inches.  Relative  velocity  was  determined  from  the  length  of  standing 
waves  set  up  in  short  sections  of  these  wave  guides.  The  measure- 
ments represented  were  made  with  much  more  refined  apparatus  than 
utilized  in  obtaining  the  data  for  Figs.  4  and  5. 
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Fig.  6 — \'elocity  ratio  for  the  Hi  type  of  wave  in  a  hollow  metal  pipe. 


A  ttenuation 

Figure  7  shows  in  graphical  form  the  calculated  attenuations  suffered 
by  each  of  the  four  more  common  types  of  waves  when  traveling 
through  a  hollow  copper  pipe  5  inches  in  diameter.  It  is  immediately 
obvious  that  the  attenuation  is  infinite  for  all  waves  at  their  respective 
cut-off  frequencies.  How^ever,  at  frequencies  above  the  cut-off  this 
attenuation  becomes  finite,  generally  descending  to  values  comparable 
with  attenuations  experienced  on  ordinary  conductors  at  considerably 
lower  frequencies.  For  the  £o  and  £i  types  of  waves  the  attenuation 
falls  from  infinity  at  cut-off  to  a  minimum  at  a  frequency  ^3  times 
the  cut-off  frequency  after  which  it  again  begins  to  increase  and 
ultimately  varies  in  a  linear  fashion  much  as  does  attenuation  over 
ordinary  conductors.  For  the  Hi  type  of  wave  this  minimum  comes 
at  a  frequency  3.15  V3  times  the  cut-off  frequency.     Thus  we  see  that 
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for  these  three  types,  wave  guides  are  somewhat  similar  in  their 
behavior  to  ordinary  conductors  when  operated  at  the  highest  fre- 
quencies but  they  depart  radically  at  frequencies  near  cut-off. 

Calculations  indicate  that  the  i/o  type  of  wave  has  a  descend- 
ing attenuation  characteristic  at  all  frequencies  above  cut-off.  This 
suggests  that  we  may  be  able  to  realize  very  low  attenuation  merely 
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F"ig.  7 — Attenuations  suffered  by  each  of  the  more  common  types  of  waves  in  a 
hollow  copper  pipe  5  inches  in  diameter. 


by  raising  frequency.  This  remarkable  property  is,  so  far  as  the  author 
is  aware,  altogether  unique  in  the  realm  of  electrical  transmission.  It 
should  be  borne  in  mind,  however,  that  for  structures  having  reasonable 
dimensions,  these  low  attenuations  can  only  be  obtained  from  fre- 
quencies that  are  above  those  now  readily  available.  It  may  be  noted 
in  passing  that  at  the  minimum  of  the  //i  curve,  transmission  is  flat 
to  a  half  db  per  mile  over  a  band-width  of  4000  mc. 
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The  author's  experimcMital  work  on  attenuation  is  still  incomplete, 
but  the  results  to  date  are  altogether  in  keeping  with  calculation. 
Work  done  at  or  near  cut-off  for  all  four  types  of  waves  confirms  their 
descending  characteristics  at  these  points.  Other  more  systematic 
measurements  made  on  the  Ih  type  of  wave  over  a  considerable  range 
of  frequencies  are  also  in  good  agreement  with  calculation.  Typical 
results  are  shown  in  Fig.  8.     They  were  made  on  a  straight  section  of 
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Fig.  8— Attenuation  suffered  by  Hi  waves  in  a  6-inch  hollow  copper  pipe.     Curve 
is  calculated.     Plotted  points  are  experimental. 


hollow  copper  pipe  six  inches  in  diameter  and  1250  feet  long.  No 
experimental  attenuation  data  on  the  H^  type  of  wave  are  yet  avail- 
able except  at  cut-off.  It  may  be  argued,  however,  that  the  same 
theory  applies  to  all  four  forms  of  waves  so  that  data  tending  to  con- 
firm the  calculated  attenuation  of  one  form  of  wave  tends  also  to 
substantiate  the  predicted  attenuation  for  the  other  forms  as  well. 


298 


BELL   SYSTEM   TECHNICAL   JOURNAL 


Characteristic  Impedance 

A  second  intrinsic  property  of  wave  guides  is  characteristic  im- 
pedance. It  may  be  calculated  by  intet^ratinj^:  the  complex  Poynting 
vector  over  the  cross-sectional  area  and  dividing;  the  result  by  the 
square  of  the  eflfective  current.  Formulas  for  this  purpose  are  in- 
cluded in  the  companion  mathematical  paper  referred  to  above.  The 
numerical  results  of  such  calculation  are  shown  in  Fig.  9  for  a  4-inch 
diameter  hollow  copper  conductor  for  each  of  the  four  principal  waves 
mentioned  above. 


/ 
/ 
1 
1 

ASYMPTOTE 

70 

1 

60 
50 
40 
30 

1 

1 

1 

^^-- 

,_-- 

'^^^ 

^' 

1 

'" 

"1^ 

/ 

/ 

y 
• 

r 

/ho 

/ 
i 

/ 

/ 

1 

1 
1 
1 

1 

ASYMPTOTE 

/ 
/ 
/ 
/ 

EO^ 

1 

1 

1         ^ 



^^^ 

20 
10 

/ 

•y 

i/ 

1 
1 

/ 

/ 

0 

1 
1 

/ 

/ 

Fit 


0     1000    2000    3000    4000    5000    6000    7000    8000    9000   10,000 
FREQUENCY  IN  MEGACYCLES  PER  SECOND 

9 — Calculated  values  of  characteristic  impedance  of  a  4-inch  hollow  copper 
pipe  for  each  of  the  four  more  common  forms  of  waves. 


It  w^ill  be  remembered  that  when  an  ordinary  ware  line  is  terminated 
in  its  ow^n  characteristic  impedance  there  are  no  standing  waves. 
This  condition  leads  to  a  maximum  of  power  delivered  to  the  receiver. 
Such  an  impedance  match  is  sometimes  referred  to  simply  as  a  termina- 
tion. Terminations  for  wave  guides  are  entirely  similar  in  their  be- 
havior to  those  of  wire  lines  and  may  be  had  by  a  variety  of  means. 
One  is  a  thin  film  of  resistance  material  placed  perpendicular  to  the 
axis  of  the  guide  followed  at  a  prescribed  distance  by  a  perfectly 
conducting  reflector.     It  is  often  convenient  to  provide  the  latter  in 
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the  form  of  a  movable  piston.  Another  form  is  a  resonant  chamber 
containing  some  dissipative  material.  C'onditions  for  termination 
may  be  calculated  in  so  far  as  the  properties  of  materials  are  known 
or  the>-  may  be  determined  e.xperimentally  by  successive  adjustments 
of  film  density  and  piston  adjustments  until  standing  waves  have  been 
eliminated.     Figure  10  shows  graphically  a  typical  series  of  experi- 
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al  data  as  various  degrees  of  impedance  match 
are  obtained. 


mental  data  of  the  magnitudes  of  standing  waves  as  various  degrees 
of  impedance  match  are  obtained. 

Frequency  Selectivity 

It  is  evident  from  Fig.  7  above  that  wave  guides  are  inherenth" 
high-pass  filters.  There  is  still  another  property  of  a  wave  guide 
that  may  also  provide  selectivity.  It  depends  on  the  principle  of 
standing  waves.  By  this  means,  resonance  effects  may  be  produced 
that  make  a  short  section  of  guide  behave  somewhat  as  if  it  were  a 
simple  series  circuit  consisting  of  an  inductance  and  a  capacity  in  series 
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with  an  electromotive  force.  Under  other  conditions,  it  may  behave 
as  a  circuit  made  up  of  inductance  and  capacity  in  parallel  with  an 
electromotive  force.^  At  still  other  frequencies  it  may  present  to  a 
source  a  positive  (inductive)  reactance  or  a  nej^ative  (capacitive) 
reactance.  This  makes  possible  circuit  elements  which  may  be  com- 
bined to  form  various  filter  or  network  equivalents.  We  may  have, 
therefore,  from  wave  guides  frequency  selection  by  either  or  both  of 
two  fundamentally  different  properties. 

Radiation 

Discontinuities  in  wave  guides,  particularly  those  in  which  no  shield 
is  present,  tend  toward  losses  by  radiation.  In  the  case  of  a  hollow 
conducting  pipe  radiation  issues  from  the  open  end  much  the  same  as 
sound  waves  from  a  hollow^  tube.  It  has  been  possible  to  expand  the 
ends  of  these  pipes  into  horns,  thereby  obtaining  effects  very  similar 
to  those  common  in  acoustics.  Such  an  electrical  horn  not  only  pos- 
sesses considerable  directivity  but  it  may  also  provide  a  moderately 
good  termination  for  the  pipe  to  which  it  is  connected.  In  so  doing  its 
function  is  probably  quite  analogous  to  that  of  a  true  acoustic  horn 
which  provides  an  efficient  radiating  load  for  its  sound  motor. 

Some  Apparatus  and  Methods  Used  in  Wave 
Guide  Studies 

It  is  obvious,  of  course,  from  the  very  nature  of  guided  waves  that 
the  apparatus  and  methods  must  be  rather  different  from  the  more 
common  electrical  methods.  This  difiference  is  such  that  an  adequate 
description  would  require  more  space  than  is  here  available.  How- 
ever, for  purposes  of  completeness  a  few  of  the  more  interesting  and 
fundamental  aspects  of  the  experimental  side  are  included  below. 
For  the  most  part  this  description  will  center  around  the  Ih  t\^pe  of 
wave.     (See  Fig.  1  above.) 

The  Simple  Resonant  CJiamber 

In  much  the  same  way  that  the  simple  tuned  circuit  containing 
localized  inductance  and  capacity  is  fundamental  to  the  radio  art  so 
also  is  the  simple  resonant  cavity  fundamental  to  wave  guide  work. 
Although  it  may  assume  a  variety  of  forms,  one  of  the  more  obvious 
is  a  short  piece  of  cylindrical  wave  guide,  preferably  of  hollow  metal 
pipe  bounded  by  a  piston  and  an  iris  diaphragm  as  shown  in  Fig.  11. 

2  In  pursuint;  ihis  work  it  has  been  convenient  at  times  to  refer  not  onh-  to  circuit 
analo^'ues  but  also  to  optical  anrl  also  acoustical  analogues.  This  has  been  due  in  part 
to  the  lack  as  \ct  of  an  adequate  vocabulary  and  in  part  to  the  h\brid  nature  of  (he 
subject  at  hand. 
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Fig.  11 — A  tunable  chamber  resonant  to  short  electric  waves. 

In  its  role  as  a  tuned  circuit,  the  resonant  chamber  is  sometimes 
used  as  a  wave -meter,  sometimes  in  connection  with  a  generator  of 
short  waves  (thereby  enabUng  a  vacum  tube  to  work  more  effectively) 
and  sometimes  as  an  element  in  a  receiver  (thereby  impressing  on  a 
detector  a  maximum  of  the  received  wave  power).  When  such  a 
chamber  is  excited  by  very  short  electric  waves  and  is  varied  in  length, 
resonance  takes  place  at  certain  specified  intervals  depending  on  the 
frequency  and  phase  velocity.  This  condition  may  be  detected  either 
by  a  crystal  detector  and  meter  located  just  outside  of  the  iris  opening 
or  by  a  somewhat  more  elaborate  arrangement   whereby  a  crystal 
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mounted  in  a  shielded  cartridge  is  coupled  to  the  chamber  by  a  probe 
wire  perhaps  a  quarter  inch  long  extending  through  a  hole  in  the  wall. 
Fig.  11^  shows  one  form  of  resonant  chamber  complete  with  detector. 
The  piston  position  is  read  off  on  a  scale  and  vernier  (Fig.  115). 
Successive  positions  at  which  resonance  is  noted  give  data  for  deter- 
mining velocity  of  propagation.  Chambers  of  this  kind  having  various 
diameters  were  used  to  verify  the  velocity  ratios  shown  earlier  in  this 
paper.  Electrical  connection  between  piston  and  walls  may  be  had 
by  numerous  phosphor  bronze  fingers,  or  perhaps  by  ball  bearings 
distributed  in  a  race  around  the  periphery.  Good  contact  is  not 
always  essential.  In  fact,  fair  work  may  sometimes  be  done  with  a 
loosely  fitting  piston  or  even  an  insulated  piston. 

Resonant  chambers  may  be  activated  merely  by  placing  them  within 
a  foot  or  two  of  a  source  of  waves  such  as  a  Barkhausen  oscillator. 
Their  dimensions  must,  of  course,  conform  to  the  wave-length  re- 
quirements as  outlined  above.  Standard  5-inch  OD  brass  pipe  having 
one-sixteenth  inch  wall  has  been  found  satisfactory  for  the  frequency 
range  from  1500  mc.  (X  =  20  cm.)  to  2000  mc.  (X  =  15  cm.).  Any 
convenient  length  around  2  feet  is  appropriate  for  the  variable  type 
of  chamber. 

Generators 

One  arrangement  for  generating  the  Hi  type  of  wave  consists  of 
connecting  the  primary  source  of  waves  between  diametrically  opposite 
points  on  the  inside  of  a  hollow  cylindrical  conductor  as  shown  by 
Fig.  12A.  This  primary  source  may  consist  of  a  positive  grid  (Bark- 
hausen) tube  or  a  magnetron.^  Both  have  been  used  successfully  to 
give  frequencies  up  to  about  3330  mc.  (X  =  9  cm.). 

A  typical  arrangement  of  such  an  oscillator  is  shown  in  Fig.  12B. 
The  terminals  of  the  spiral  grid  of  the  Barkhausen  tube  are  connected 
to  diametrically  opposite  points  through  a  suitable  by-pass  condenser. 
The  filament  and  plate  leads  enter  along  a  plane  perpendicular  to  that 
of  the  grid.  Since  the  grid  leads  correspond  to  lines  of  electric  force 
in  the  generated  wave,  the  diametral  plane  perpendicular  thereto 
corresponds  to  an  equipotential.  By  locating  the  plate  and  filament 
leads  in  such  an  equipotential,  their  presence  will  not  materially 
afifect  the  normal  field  prevailing  in  the  chamber.  In  the  design 
shown  the  filament  connectors  constitute  the  outside  plates  of  a  three- 
plate  by-pass  condenser.  The  third  or  central  plate  is  a  rigid  member 
grounded  on  the  main  guide.  It  connects  to  the  plate  of  the  Bark- 
hausen   tube.     Connections    to    the    exterior    are    had    through    five 

'"Vacuum   Tubes  as   HiKh-Frequencv   Oscillators,"    M.   J.   Kellv  and   A.   L. 
Samuel,  B.S.T.J.,  \ol.  14,  p.  97,  January  1935. 
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insulated  bindinji  posts.  The  oscillator  unit  shown  carries  on  its 
exterior  a  plug  connector  leading  by  cable  to  a  nearby  d-c.  power 
supply  unit. 

If  an  oscillator  similar  to  that  described  above  were  connected  into 
the  middle  of  a  long  hollow  pipe,  waves,  would  of  course,  be  propagated 
in  both  directions.  Those  that  would  ordinarily  be  propagated  to  the 
left  may  be  reflected  by  a  suitably  located  reflecting  wall  or  piston  so 
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F"ig.  12 — Various  component  parts  of  a  wave  guide  generator.  (.1)  Schematic 
representation.  (B)  The  oscillator  unit.  (C)  Complete  generator  including  oscil- 
lator piston  and  iris. 


as  to  reinforce  those  being  propagated  to  the  right.  Also  an  iris  of 
suitable  proportions  may  be  so  located  in  front  of  the  generator  as  to 
further  enhance  oscillations.  As  has  been  pointed  out  above  the  sec- 
tion of  pipe  bounded  by  the  piston  and  iris  together  approximate  in 
behavior  a  tuned  circuit.  It  is  convenient  to  regard  the  chamber  as  a 
load  impedance  characteristic  of  the  tube  itself  or  perhaps  it  should 
more  properly  be  regarded  as  a  transformer  by  which  the  oscillator  is 
matched  to  the  line. 
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In  practice  the  generator  may  conveniently  be  built  up  from  an 
oscillator  unit,  a  piston  assembly  and  an  adjustable  iris,  all  of  the  same 
diameter  of  pipe  fastened  together  by  exterior  metal  clamps  as  shown 
in  Fig.  12C.  The  open  end  of  this  generator  may  be  connected  to  a 
guide  over  which  transmission  is  desired  or  it  may  be  coupled  loosely 
to  some  nearby  laboratory  apparatus  on  which  measurements  are  to 
be  made. 

The  total  length  of  the  chamber  and  hence  the  piston  setting  will  of 
course  depend  on  the  frequency  to  be  generated.  In  general  this  will 
be  roughly  an  integral  number  of  half  wave-lengths.  The  relative 
position  of  the  oscillator  along  the  length  of  the  chamber  will  depend 
on  its  impedance  characteristics  and  to  some  extent  on  the  diameter  of 
the  iris  opening.  For  a  piece  of  laboratory  apparatus  where  frequency 
variability  is  desired  these  various  dimensions  should  preferably  be 
adjustable  as  shown.  If  a  source  of  single  frequency  is  desired,  the 
resulting  apparatus  may  be  greatly  simplified  as  all  of  these  dimensions 
may  be  fixed  at  the  time  of  construction. 

The  Tuned  Receiver 
By  reversing  the  principle  used  in  the  generator  above,  replacing 
the  oscillatory  source  by  a  suitable  indicator  the  resonant  chamber 
becomes  effectively  a  simple  tuned  receiver.  If  the  indicator  is  ap- 
propriately located  along  the  length  of  the  chamber,  substantially  all 
of  the  incident  power  will  be  absorbed  and  the  device  as  a  whole  will 
be  a  veritable  sink  of  wave  power.  It  may  be  clamped  to  the  end  of 
a  long  wave  guide,  thereby  constituting  a  termination,  or  it  may  be  used 
to  pick  up  short  radio  waves  of  not  too  small  amplitude.     See  Fig.  13. 
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Fig.  13 — A  tuned  receiver  based  on  (he  resonant  cavity  principle. 
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Indicators 

It  is  often  desirable  to  have  available  in  the  laboratory  some  kind  of 
a  wave  indicator  or  probe  such  as  shown  in  F^ii^.  14.  This  one  con- 
sists of  a  simple  silicon  detector  in  cartridge  form,  together  with  a 
microammeter,  both  mounted  on  a  fibre  support  of  convenient  size 
and  shape  for  exploring  the  fields  prevailing  around  any  piece  of 
apparatus.  It  is  easy  to  show  by  this  means  that  there  are  no  ap- 
preciable fields  prevailing  around  a  generator  such  as  described  above 
except  near  the  orifice.     Also  this  probe  may  be  used  to  determine  the 


V\".  14 — A  convenient  probe  for  exploring  the  field  around  a  source  of  waves. 
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Fig.  15 — A  detector  mounting  suitable  for  indicating  the  presence  of  waves  in  a  guide. 
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approximate  orientation  of  the  lines  of  electric  force  in  the  wave  front 
as  well  as  the  general  directive  pattern  of  the  radiation. 

Figure  15  shows  details  of  a  crystal  detector  mounting  suitable  for 
an  indicator  on  a  wave-meter.  When  silicon  crystals  are  used,  units 
may  be  had  that  will  hold  their  calibrations  moderately  well  over 
considerable  periods  of  time.  Thermocouples  of  both  the  cross  wire 
and  deposited  type  have  been  used  with  moderate  success.  Also 
diode  and  triode  rectifiers  have  been  tried.  However,  for  general 
laboratory  use  where  simplicity  and  convenience  are  important  the 
crystal  detector  is  perhaps  best. 

Wave- Meters 

It  is,  of  course,  desirable  in  this  work  to  know  the  frequency  or 
wave-length  being  used.  The  simple  resonant  chamber  already  de- 
scribed enables  wave-length  to  be  measured  accurately.  However, 
such  a  device  does  not  give  directly  the  wave-length  in  free  space 
since  in  these  chambers  phase  velocities  are  in  general  greater  than 
ordinary  light.  It  is  true,  of  course,  that  a  suitable  conversion  curve 
can  be  prepared.  However,  it  is  often  more  convenient  to  use  for  a 
wave-meter  some  form  of  a  coaxial  conductor  system  on  which  standing 
waves  may  be  measured.  These  will  be  very  nearly  at  least  the 
length  of  the  corresponding  waves  in  free  space. 

Figure  16  shows  a  wave-meter  based  on  this  principle.  The  con- 
ductor (a)  and  the  hollow  cylinder(&)  constitute  the  coaxial  conductors. 
A  bridge  (c)  in  the  form  of  a  conducting  disc  is  made  movable  by  means 
of  the  threaded  tube  {d)  w^hich  passes  over  the  central  conductor  (a). 
This  tube  carries  a  millimeter  thread  engaged  by  the  knurled  head  {e). 
One  complete  turn  of  this  head  therefore  raises  or  lowers  the  bridge 
by  one  millimeter.  If  coarse  adjustments  are  desired  the  head  may  be 
disengaged  from  the  threaded  tube  by  a  cam  operated  by  the  knob  (J), 
and  the  tube  raised  or  lowered  by  taking  hold  of  its  extended  portion. 
The  outer  conductor  or  shell  carries  an  open  slot  (g)  through  which 
an  index  {h)  attached  to  the  shorting  bridge  (c)  extends.  This  index 
passes  over  a  centimeter  scale  {i).  The  outer  conductor  is  mounted 
on  a  short  piece  of  wave  guide  so  that  the  apparatus  may  be  clamped 
in  line  with  other  apparatus.  The  inner  conductor  (a)  extends  through 
a  small  opening  in  the  section  of  wave  guide  far  enough  to  extract  from 
the  passing  waves  enough  power  for  activating  the  wave-meter.  This 
coupling  may  be  varied  as  needed  by  extending  or  retracting  a  third 
small  rod  (j/)  running  through  the  center  of  central  conductor  (a). 

Resonance  is  indicated  by  a  crystal  detector  {k)  and  d-c.  meter. 
This  detector  is  only  loosely  coupled  to  the  coaxial  system  by  a  small 
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Fig.   I6--A  form  of  coaxial  concluctor  wave-meter  particularly  adaptable  to  wave 

guide  work. 
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pick-up  wire  extending  through  the  walls  of  the  hollow  cylinder.  This 
form  of  wave-meter  is  moderately  fast  and  permits  w^ave-length  differ- 
ences of  one  or  two  hundredths  of  a  centimeter  to  be  readily  detected. 

Miscellaneous  Apparatus 

Sometimes  it  is  desirable  to  change  the  length  of  a  pipe  without 
changing  its  diameter.  For  this  purpose  telescoping  pipe  is  to  be 
avoided.  A  pipe  with  removable  sections  may,  however,  be  provided. 
Units  of  10  cm.,  5  cm.,  2  cm.,  2  cm.  and  1  cm.  have  been  found  con- 
venient. They  are  aligned  in  a  slightly  larger  half-section  of  the  same 
kind  of  pipe  which  provides  their  support. 

It  may  be  desirable  at  times  to  investigate  the  field  inside  a  pipe  to 
determine  if  standing  waves  are  present.  This  may  be  done  by  mount- 
ing a  detector  similar  to  that  shown  in  Fig.  15,  on  a  carriage  so  it 
may  be  advanced  along  a  slot  cut  in  a  piece  of  wave  guide  perhaps 
60  cm.  long.  Often  it  is  necessary  to  pass  from  one  size  of  pipe  to 
another.  A  conical  reducer  perhaps  30  cm.  long  may  be  used  for  this 
purpose. 

It  is  usually  desirable  to  construct  components  such  as  the  above 
with  lengths  of  some  integral  number  of  centimeters  such  as  10  cm., 
20  cm.  or  50  cm.  This  obviously  facilitates  the  addition  of  the 
component  lengths  used  and  often  simplifies  calculation. 

It  is  obvious  from  the  above  that  a  laboratory  working  with  wave 
guides  must  use  for  its  circuit  components  such  unusual  electrical 
items  as  hollow*  pipes,  movable  pistons  and  iris  diaphragms.  These 
should  be  capable  of  quick  assembly  into  a  variety  of  forms,  sometimes 
as  a  generator,  sometimes  as  a  tuned  receiver  and  sometimes  as  a 
termination.  This  object  imposes  a  wide  range  of  requirements  that 
can  best  be  met  by  mounting  the  parts  by  means  of  clamp  supports 
on  a  saw-horse  arrangement  or  wave  guide  bench  such  as  shown  in 
Fig.  17. 


TERMINATION 


Fig.   17 — Bench   mountings  with  typical  apparatus  used  at   the  transmitting  and 
receiving  ends  of  an  experimental  wave  guide. 


IIVPER-FREQUENCY    WAVE   GUIDES  309 

Referen'ces 

1    "On  the  Passage  of  Electric  Wave  Through  Tubes,  or  the  Vibrations  of  Dielectric 
Cylinders,"  Lord  Rayleigh,  Phii.  Mag.,  Vol.  43,  1897,  pp.  125-132. 

2.  "Electromagnetic  Waves  in  Dielectric  Wires,"  Hondros  and  Debye,  Ann.  d.  Phys., 

Vol.  32,  1910. 

3.  "  Detection  of  Electromagnetic  Waves  on  Dielectric  Wires,"  Zahn,  Ann.  d.  Phys., 

Vol.  49,  1916. 

4.  "Electromagnetic  Waves  in   Dielectric  Conductors,"  Schriever,  Ann.  d.  Phys., 

Vol.  63,  1920. 

5.  French  Patent  757,972,  October  23,  1933. 

6.  British  Patent  420,447,  December  3,  1934. 

7.  "Measurements  in  the  Radiation  Field  of  a  Linear  Antenna  Excited  Inside  a 

Hollow  Cylinder,"  Bergmann  and  Kriigel,  Annalen  der  Physik,  Vol.  21,  No.  2, 
page  113,  October  29,  1934. 

8.  A  Paper  entitled  "  Transmission  of  Electromagnetic  Waves  Through  Hollow  Tubes 

of  Metal,"  by  W.  L.  Barrow  of  Massachusetts  Institute  of  Technology,  is  in 
an  advanced  stage  of  preparation.  It  is  intended  for  presentation  before  the 
Washington  Meeting  of  the  U. R.S.I,  and  I.R.E.,  May  1,  1936,  and  for  publi- 
cation in  an  early  issue  of  the  Proceedings  of  the  Institute  of  Radio  Engineers. 


Hyper-Frequency  Wave  Guides — Mathematical  Theory 

By  JOHN  R.  CARSON,  SALLIE  P.  MEAD  and  S.  A.  SCHELKUNOFF 

F"ollowing  a  brief  historical  sketch,  this  paper  deals  with  the  niathc- 
matical  theory  of  wave  transmission  in  two  novel  kinds  of  cylindrical 
wave  guides  of  circular  cross  section;  namely,  the  hollow  conductor  and 
the  dielectric  wire.  These  transmission  systems  behave  as  high  pass 
filters  with  exceedingly  high  critical  frequencies. 

The  attenuation  and  impedance  characteristics  of  the  hollow  conductor, 
heretofore  ignored  as  far  as  the  writers  are  aware,  are  given  espjecial  atten- 
tion. This  investigation  discloses  the  remarkable  fact  that  there  exists  in 
this  system  one  and  only  one  type  of  wave,  the  attenuation  of  which  de- 
creases with  increasing  frequency,  a  characteristic  which  attaches  to  no 
other  type  of  guided  wave  known  to  the  writers. 

I.  Introduction 

THE  object  of  this  paper  is  to  derive  and  discuss  the  characteristics 
of  two  novel  guided  wave  transmission  systems.     Structurally 
^  one  consists  simply  of  a  straight  hollow  ^  conducting  cylinder  of  circular 

cross-section.  The  electromagnetic  wave  is  confined  inside  the  cylin- 
drical sheath  and  is  propagated  along  the  axis  of  the  cylinder.  The 
other  consists  simply  of  a  dielectric  wire,  within  which  the  major  part 
of  the  electric  field  is  confined.     The  mathematical  theory  developed 

II  below  does  not  deal  with  the  question  as  to  how  such  waves  are  estab- 

'  lished  nor  with  the  reflection  phenomena  which  must  occur  at  the 

terminals  and  other  points  of  discontinuity.  The  analysis  is  limited  to 
finding  the  types  of  waves  which  are  possible  in  such  systems,  and  to 
investigating  and  describing  their  characteristics. 

The  historical  background  of  the  problem  is  interesting.  In  1897 
Rayleigh  published  a  paper  entitled  "On  the  Passage  of  Electric  Waves 
through  Tubes,  or  the  Vibrations  of  Dielectric  Cylinders."  -  Dealing 
solely  with  ideal  cylinders  of  perfect  conductivity  he  showed  that  for  all 
types  of  waves  that  can  exist  inside  the  cylinders  there  are  critical  fre- 
quencies below  which  the  waves  are  attenuated  and  above  which  they 
are  freely  transmitted.  The  first  paper  on  transmission  along  dielectric 
wires  was  that  published  in  1910  by  Hondros  and  Debye  entitled 
"  Elektromagnetische  Wellen  an  dielektrischen  Drahten."  ^  This 
deals  theoretically  with  transmission  along  cylinders  of  ideally  non- 
conducting material,  somewhat  along  the  lines  followed  in  Section  I\' 

'  The  term  hollow  means  that  the  interior  of  the  cylinder  is  electrically  non- 
conducting. 

^Phil.  Mag.,  Vol.  43,  1897,  pp.  125-132. 
Mnn.  der  Phys.,  Vol   32,  1910,  pp.  465-476. 
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of  this  paper.  Another  paper,  entitled  "Cber  den  Nachweis  elektro- 
magnetischer  Wellen  an  dielektrischen  Drahten,"  ^pubHshed  in  1916  by 
Zahn,  is  of  interest  because  of  the  historical  note  attached,  which 
indicates  that  experimental  work  was  begun  in  1914  by  Riiter  and 
Schriever,  two  students  of  Zahn,  and  continued  with  such  diligence  as 
the  exigencies  of  war  permitted  until  the  date  of  Zahn's  paper,  at  least. 
In  1920  Southworth,  then  working  at  Yale  University,  accidentally 
observed  such  waves  in  a  trough  of  water  which  he  was  using  in  con- 
nection with  some  high-frequency  studies,  measured  their  wave-lengths 
and  recognized  their  identity  with  those  discussed  by  Schriever '" 
in  a  paper  which  appeared  at  about  that  time.  In  1924  Carson  re- 
discovered the  transmission  characteristics  of  the  hollow  conducting 
cylinder,  and  disclosed  it  in  an  unpublished  memorandum  entitled 
"Hyper-Frequency  Wave  Filters."  Finally,  in  1931,  Southworth, 
then  a  research  engineer  with  the  American  Telephone  and  Tele- 
graph Company,  returned  to  the  subject  and  initiated  the  compre- 
hensive investigation  which  he  is  reporting  in  a  companion  paper. '^ 
Independently,  and  almost  simultaneously.  Hartley,  at  the  Bell 
Telephone  Laboratories,  suggested  the  possibility  of  guided  transmis- 
sion along  a  hollow  cylindrical  dielectric  wire;  and  these  two  (South- 
worth  and  Hartley)  enlisted  our  cooperation  in  a  mathematical  in- 
vestigation. 

In  the  theoretical  parts  of  these  papers  dissipation  was  always 
neglected,  though  obviously  the  attenuation  would  be  a  controlling 
factor  in  practical  applications.  The  writers,  on  the  other  hand,  have 
given  especial  attention  to  this  factor.  Out  of  this  research  there 
emerged  the  remarkable  fact  that  with  hollow  conducting  guides  there 
exists  one  and  only  one  type  of  wave  the  attenuation  of  which  decreases 
with  increasing  frequency;  a  unique  characteristic  which  does  not 
attach  to  dielectric  wires,  nor  so  far  as  the  writers  are  aware,  to  any 
other  type  of  guided  wave. 

lA.  Transmission  Through  Hollow  Conducting  Cylinders 

Throughout  this  paper  it  will  be  assumed  that  the  cylindrical  sheath 
possesses  high  conductivity  and  that  the  losses  in  the  internal  dielectric 
medium  are  either  small  or  negligible.  Subject  to  these  assumptions 
the  effect  of  dissipation  on  the  attenuation  of  the  wave  is  formulated  in 

*  Ann.  der  Phys.,  Vol.  49,  1916,  pp.  907-933.  This  paper  contains  several  col- 
lateral references. 

*  " Elektromagnetischen  Wellen  an  Dielektrischen  Drahten,"  Ann.  der  Phys.,  Vol. 
63,  1920,  pp.  645-673. 

'"Hyper-Frequency  Wave  Guides — General  Considerations  and  Experimental 
Results,"  G.  C.  Southworth,  this  issue  of  the  Bell  System  Technical  Journal. 
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Section  III.  First,  however,  in  the  general  discussion  which  immedi- 
ately follows  and,  in  particular,  in  the  comparison  with  the  usual  guided 
wave  transmission  systems,  attention  will  be  confined  to  the  ideal 
non-dissipative  structure.  This  simplification  brings  out,  in  a  simpler 
and  more  striking  way,  the  peculiar  transmission  characteristics  of  the 
system,  while,  at  the  very  high  frequencies  involved,  it  introduces 
negligible  error  except  as  regards  the  attenuation  due  to  dissipation. 

In  the  ordinary  type  of  guided-wave  systems,  such  for  example,  as 
that  composed  of  two  concentric  conductors,  or  two  parallel  wires,  the 
guiding  conductors  form  two  sides  of  a  circuit  in  which  equal  and 
opposite  currents  flow,  and  the  transverse  lines  of  electric  intensity 
terminate  on  the  two  sides  of  the  circuit.  In  the  system  under  con- 
sideration there  is  only  one  conductor  and  consequently  there  is  no 
circuit  in  the  usual  sense.  Corresponding  to  this  difference  in  physical 
structure  there  are  striking  differences  in  the  character  of  the  waves 
propagated. 

In  the  first  place,  in  the  ordinary  type  of  guided  wave  system,  the 
wave  employed  for  the  transmission  of  power  and  intelligence  is  the 
Principal  Plane  Wave.  For  the  ideal  non-dissipative  case,  the  field  of 
this  wave  is  entirely  transverse  to  the  axis  of  the  system;  that  is,  the 
axial  components  of  the  electric  and  magnetic  intensities  are  every- 
where zero.  Furthermore  all  frequencies  are  transmitted  without 
attenuation  with  the  same  phase  velocity;  that  of  light  in  the  medium. 
(Of  course  dissipation  modifies  the  phenomena  somewhat  but  in  actual 
systems  designed  for  efficient  transmission  the  Principal  Wave  ap- 
proximates to  that  just  described.) 

In  the  hollow  conducting  cylinder,  on  the  other  hand,  no  principal 
transverse  wave  can  exist;  that  is,  there  must  exist  inside  the  cylinder 
either  an  axial  component  of  the  electric  or  the  magnetic  intensity,  or 
both.  Physically  this  is  answerable  to  the  absence  of  a  circuit  on 
which  the  transverse  lines  of  force  might  terminate.  Thus  in  the 
hollow  conducting  cylinder  all  the  possible  waves  must  be  complemen- 
tary waves;  ^  a  type  which  is  ignored  in  the  ordinary  transmission 
system. 

A  second  outstanding  distinction  is  that  in  the  hollow  conducting 
cylinder,  all  frequencies  below  a  critical  frequency  are  attenuated  while 
frequencies  above  the  critical  frequency  are  freely  transmitted  without 
attenuation.^     In  this  respect  the  system  behaves  like  a  Campbell  high- 

^  See  "Guided  and  Radiated  Energy  in  Wire  Transmission,"  John  R.  Carson, 
Jour.  A.I.E.E.,  October  1924. 

*  It  will  be  understood,  of  course,  that  this  is  strictly  true  only  in  the  ideal  case  of 
no  dissipation. 
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pass  wave-filter.  The  exact  value  of  the  critical  frequency  depends,  as 
shown  later,  on  the  type  of  wave  transmitted;  roughly  speaking, 
however,  the  internal  diameter  must  be  approximately  equal  to  one- 
half  a  wave-length  in  the  internal  dielectric  medium  at  the  lowest 

critical  frequency.     (The  exact  formula  is  diameter  >  ^ —  times  the 

ZTT 

wave-length.)  Since  we  are  interested  in  freely  transmitted  waves  it  is 
evident  at  once  that  for  a  cylinder  of  practicable  dimensions  the 
frequencies  employed  must  be  relatively  enormous.  For  this  reason  it 
may  be  appropriately  said  that  the  hollow  conducting  cylinder  is 
applicable  to  the  transmission  of  hyper -frequency  waves  alone. 

The  types  of  waves  which  can  exist  inside  the  cylinder  are  broadly 
classifiable  as  £-waves  and  JY-waves.^  By  the  term  JS-wave  is  to  be 
understood  a  wave  in  which  the  axial  component  of  the  magnetic  force 
is  everywhere  absent;  correspondingly  in  the  iJ-wave  the  axial  com- 
ponent of  the  electric  force  is  everywhere  absent.  In  the  £-waves  the 
surface  currents  in  the  cylinder  are  entirely  parallel  to  the  axis  thereof. 
On  the  other  hand,  in  the  iJ- waves  the  currents  may  have  both  trans- 
verse and  axial  components;  that  is,  circulatory  components  around  the 
periphery  of  the  cylinder  in  planes  normal  to  its  axis  as  well  as  com- 
ponents parallel  thereto. 

In  each  class  of  wave  there  may  exist  a  fundamental  wave  and  in 
addition  geometrically  harmonic^''  waves.  In  the  fundamental  wave 
the  phenomena  do  not  vary  around  the  periphery  of  the  cylinder.  In 
the  wth  harmonic  wave  {En-  or  i7„-wave)  the  phenomena  vary  around 
the  periphery  as  cos  n{d  —  dn). 

Each  component  E-  or  H-wave  has  its  own  individual  critical  fre- 
quency. Curiously  enough  the  lowest  critical  frequency  is  possessed 
by  the  first  harmonic  i/-wave;  that  is  the  iJi-wave.     For  this  wave  the 

3  68 
critical  frequency  is  given  by  the  formula  d  >  -^ —  X  where  d  is  the  in- 

ZTT 

ternal  diameter  of  the  cylinder  and  X  the  wave-length.  In  general, 
however,  the  critical  frequency  increases  with  the  order  of  the  harmonic. 
In  the  usual  transmission  system,  the  transmission  phenomena  are 
determined  and  described  in  terms  of  the  characteristic  impedance  and 
the  propagation  constant.  By  characteristic  impedance  the  engineer 
understands  the  impedance  actually  presented  by  an  infinitely  long 
line  to  an  electromotive  force  connected  across  the  terminals  of  the 
circuit.     Now  since  in  the  hollow  conducting  cylinder  there  is  only  one 

'  This  terminology  has  been  adopted  as  a  matter  of  convenience.  It  is  suggested 
by  equations  (1)  where  the  field  is  expressed  in  terms  of  £,  and  Hi.  Another 
terminology  is  transverse  magvetic  and  transverse  electric  waves. 

'"This  term  must  not  be  confused  with  frequency  harmonics. 


314  BELL   SYSTEM   TECHNICAL   JOURNAL 

conductor  and  hence  no  circuit,  this  concept  breaks  down.  There  is 
another  way,  however,  in  which  the  characteristic  impedance  may  be 
defined,  and  by  aid  of  which  it  remains  a  useful  concept  in  hollow 
cylinder  transmission.  Writing  K  =  Kr  +  iKi  as  the  complex 
expression  for  the  characteristic  impedance,  then  it  may  be  shown  that 

K  =  W  +  i2u^{f  -  U), 

where  W  is  the  mean  power  transmitted,  T  is  the  mean  stored  magnetic 
energy,  and  U  the  mean  stored  electric  energy,  corresponding  to  an  unit 
current.  Now  in  the  hollow  conducting  cylinder,  for,  say  the  £o-wave, 
we  can  calculate 

W  +  t2co(r  -  U) 

for  an  unit  axial  current,  and  call  this  the  characteristic  impedance. 
Again  for  the  ilo-wave  we  can  calculate  this  quantity  for  an  unit 
circulating  current  per  unit  length  and  designate  it  as  the  characteristic 
impedance.  In  addition,  somewhat  similar  conventions  apply  to  the 
harmonic  waves. 

One  of  the  chief  uses  of  the  foregoing  concept  of  characteristic 
impedance  is  in  the  calculation  of_the  attenuation  in  the  dissipative 
system.  For,  if  corresponding  to  W  we  calculate  the  mean  dissipation 
Q  per  unit  length,  then  the  attenuation  a  is  given  by 

a  =  Q/2W. 

All  actual  systems  are  of  course  dissipative  and  consequently  the 
wave  is  attenuated.  If  the  hollow  conducting  cylinder  were  to  be 
employed  in  practice  for  hyper-frequency  wave  transmission  the 
securing  of  low  and  desirable  attenuation  characteristics  would 
probably  be  the  controlling  consideration. 

The  attenuation  in  the  free  transmission  range  is  due  to  (1)  dissipa- 
tion in  the  cylinder  or  sheath  and  (2)  dissipation  in  the  internal  di- 
electric medium.  The  former  is  inherent  and  can  be  reduced  only  by 
employing  a  sheath  of  high  conductivity  and  by  properly  designing  the 
dimensions  of  the  system.  As  regards  the  dielectric  loss,  this  may  be 
substantially  eliminated  by  employing  air  as  the  dielectric  medium. 
The  use  of  a  dielectric  medium  of  high  specific  inductive  capacity  has 
the  advantage  of  substantially  reducing  the  critical  frequency;  on  the 
other  hand  it  inevitably  introduces  heavy  losses  and  thus  sharply 
increases  the  attenuation.  The  analysis  of  Section  III  brings  out  the 
remarkable  fact  that  for  the  fundamental  if-wave  the  attenuation 
decreases  with  increasing  frequency ;  for  all  the  other  types  it  increases. 
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For  the  very  high  frequencies  with  which  we  shall  be  concerned  in  the 
following  analysis,  a  physically  very  thin  cylindrical  metallic  sheath 
behaves  electrically  as  though  it  were  infinitely  thick.  This  fact 
greatly  simplifies  the  mathematical  treatment;  its  real  importance, 
however,  is  that  external  interference  is  entirely  eliminated. 

As  stated  at  the  outset,  this  paper  will  not  attempt  to  deal  with  the 
problem  of  the  reflection  phenomena  which  occur  at  the  terminals  of 
the  system  and  at  points  of  discontinuity.  For  a  discussion  of  the 
general  character  of  the  boundary  problem  the  reader  is  referred  to 
"Guided  and  Radiated  Energy  in  Wire  Transmission."^  It  maybe 
remarked  here,  however,  that  the  simple  engineering  boundary 
conditions  (continuity  of  current  and  potential)  are  entirely  inadequate. 

IB.    Transmission  Through  Dielectric  Guides 

The  greater  part  of  this  paper  deals  with  transmission  in  thin  hollow 
conducting  cylinders;  the  last  section,  however,  discusses  briefly 
transmission  along  the  dielectric  wire.^  Theoretically  this  type  of 
transmission  is  extremely  interesting  and  the  mathematical  theory 
resembles  to  a  considerable  extent  that  of  hollow  cylinder  transmission. 
Unfortunately,  however,  dielectric  losses  are  usually  high.  Hence  our 
discussion  of  dielectric  waves  will  be  limited  to  a  development  of  the 
fundamental  equation  from  which  the  critical  frequencies  and  the 
phase  velocities  can  be  determined. 

II.     NoN-DissiPATivE  Hollow  Conducting  Guides 

In  dealing  with  the  propagation  of  hyper-frequency  electromagnetic 
waves  inside  a  long  hollow  conducting  cylinder  parallel  to  the  2-axis, 
it  is  convenient  to  write  the  field  equations  in  the  appropriate  cylindrical 
coordinates  (p,  6,  z)  in  the  form,^^ 

ixlw  p  ad  op 

P-Kj)  op  p  otf 

X^Ej  =  —  -  ^  Ez  -\-  f^i(^  ^  liz, 
p  dd  op 

div  E  =  0,     div  //  =  0. 

"  In  this  form  the  field  is  expressed  explicitly  in  terms  of  liic  axial  electric  and 
magnetic  intensities  and  their  spatial  derivatives.  This  is  highly  advantageous  for 
the  purposes  of  this  paper. 
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In  these  equations  the  symbols  have  the  following  significance: 

£p,  Eb,  Eg  =  components  of  electric  force, 
lip,  He,  H-  =  components  of  magnetic  force, 

X2   =   -y,2  _  h\ 

y  =  propagation  constant, 

V  =  cjyjefx  =  velocity  of  light  in  the  medium, 
c  =  velocity  of  light  in  air, 

H  =  permeability  of  the  medium  in  electromagnetic  units, 
a  =  conductivity  of  the  medium  in  electromagnetic  units, 
e  =  dielectric  constant  of  the  medium  in  electrostatic  units, 
co/Itt  =  frequency, 
i  =  V^L 

The  solutions  of  these  equations  for  the  axial  components  of  electric 
and  magnetic  force,  E^  and  //j  respectively,  in  the  region,  0~p=a,  a 
being  the  internal  radius  of  the  conductor,  are  of  the  form 

00 

E^  —  Y.  /„(pX)(^n  cos  nd  +  B„  sin  nd)  exp.  (icot  ±  72), 

no  (2) 

II.  =  X]  /„(pX)(C„  cos  nd  +  Dn  sin  nd)  exp.  {iwt  ±  72), 

n=0 

where  An,  Bn,  C„  and  Dn  are  arbitrary  constants  to  be  determined  by 
boundary  conditions  and  /„  is  the  Bessel  function  of  the  first  kind  or 
the  internal  Bessel  function.  The  components  of  the  transverse 
electromagnetic  field  may  then  be  expressed  by  introducing  (2)  in  (1). 
We  shall  first  discuss  the  simplest  case,  that  in  which  there  is  no 
dissipation.  The  current  will  then  be  in  a  sheet  on  the  surface,  p  =  a, 
of  the  perfectly  conducting  cylinder.  But  the  axial  current  density 
u^  and  the  circulating  current  density  Ue  are  given  by 

u^  =  J-  He,     p  =  a  (3) 


and 


Wfl  =  y-  H^,     p  =  a.  (4) 


Thus  it  follows  that  Hz  and  He  are  discontinuous  at  the  surface  p  =  a 
and  the  boundary  conditions  are  simply  E^  =  Ee  =  0.  These  con- 
ditions can  be  fulfilled  by  two  types  of  waves:  (1)  a  wave  for  which  //; 
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is  zero  everywhere,  which  will  be  called  generically  the  Til-wave  and  (2) 
a  wave  for  which  E^  is  zero  everywhere,  which  will  be  designated 
generically  as  the  i7-wave.  (If  the  cylinder  is  dissipative,  however,  the 
E-  and  //-waves  can  exist  alone  only  for  the  case  of  circular  symmetry. 
In  other  words,  unless  d/d9  =  0,  neither  the  E^  nor  the  //^  component 
of  the  field  can  be  identically  zero.  This  will  be  discussed  further  in 
Section  III.) 

Assuming  first  a  non-dissipative  system,  it  will  be  seen  that  when  //j 
is  zero  everywhere, 

E,  and  Ee  ^  /n(Xp)  j    .  "      . 
[  sm  nd 

Thus  the  possible  £-waves  are  determined  by  the  boundary  equation 

Jn{\a)  =  0,  (5) 

where 

X2    =    ^2    _^    0)7^2. 

This  has  an  infinite  number  of  real  roots  in  X  determining  an  infinite 
number  of  possible  waves.  Only  a  finite  number,  m,  of  these  waves 
will  be  unattenuated,  however,  for,  if  X  is  to  be  real  and  y  pure  imagin- 
ary, the  frequency  must  be  so  high  that 

OO/V    >    \nm,  (6) 

where  Xn,„a  is  the  mth  root  of  /„(Xa)  =  0.  It  is  therefore  convenient  to 
designate  as  the  £„m-wave  that  component  of  the  £-wave  for  which 

„  J.  ,.        ,    f  cos  n( 

\  sm  ni 
Thus  if 

An,  m+1    >    W^    ^    X„TO. 

the  components  En,  m+i,  En,  m+2,  •  •  •  of  the  £-wave  will  all  be  attenu- 
ated but  En\,  F.ni,  •  •  ■,  Enm  wiU  bc  unattenuated.  There  will  also  be 
only  a  finite  number  «  +  1  of  the  components  iioi,  En,  •  •  •  Eni,  for  the 
frequency  must  be  at  least  sufficiently  high  so  that 

oo/v  >  X„i, 

where  X„ia  is  the  lowest  root  (excluding  zero)  of  Jni^a)  =  0,  in  order  to 
transmit  the  component  -E„i  of  the  E-wave  without  attenuation. 
Hence  the  jE-wave  consists  of  a  doubly  terminating  series  of  possible 
components;  for  each  of  the  finite  number  k  -\-  1  possible  values  of  n 
there  will  be  w„  possible  values  of  \a  or  a  total  of 

mo  +  mi  +  m2  +  •  •  •  +  Wk 

possible  modes  of  propagation. 
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For  the  //-wave,  Ez  is  zero  everywhere, 

Eb   ~   Jn  (Xp)    {      .  „ 

I  Sin  w^  J 

and  the  possible  waves  are  determined  by  the  transcendental  equation 

/„'(Xa)  =  0,  (7) 

where 

\1    =     y-i    J^    ^2J^2 

and  Jn(z)  =  {d/dz)J„(z).  These  values  of  X  and  consequently  of  7 
will,  of  course,  differ  from  those  characterizing  the  7^^- waves.  Similarly, 
however,  there  will  be  a  doubly  terminating  series  of  possible  com- 
ponents, Hnm- 

Hence  for  both  types  of  wave  the  hollow  conducting  cylinder  consti- 
tutes a  high-pass  wave-filter.  The  critical  frequency  /„„  of  the  Enm- 
wave  is  given  by 

fnm  =  rnm(c/2Tra-y[eil),  (8) 

where  r„m  is  the  mth  root  of  /„(Xa)  =  0  or  r,,^  =  X,„„a.  Similarly  for 
the  //nm-wave,  the  critical  frequency  is 

fnm'    =    rnm'icllira^),  (8)' 

where 

rnm'  is  the  mth  root  of  Jnm'(}<(i)  =  0. 


The  propagation  constant  jnm  is  then 


to}       c     _   toi 


(9) 


where  the  ratio  cjvnm  of  the  velocity  of  light  in  air  to  the  phase  velocity 
of  the  wave  in  response  to  any  frequency/  is  given  by 

Civnm'    =    V^Vl    -    (f.Jfy 

-^0         when    /-^/„^,  (10) 

— >  ^^    when    /  -^  oc 

for  the  £-wave  and 

Cl%J    =    VcmVI    -    (fnJIf)' 

for  the  //-wave. 

For  the  £-wave  we  have 

^01,  ro2,  •••  =  2.405,  5.52,  •  •  • 
ru,  ri2,  ■  ■  •  =  3.8«1,  7.02,  ••• 
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and  for  the  //-wave 

nn',  rn/,  •  •  •  =  3.83,  7.02,  •  •  • 
rn',r,i',  •••  =  1.84,5.33,  •••. 

Hence,  it  is  possible  to  transmit  a  fundamental  /t-wave  if  the  radius, 
dielectric  constant,  permeability  and  frequency  are  so  related  that, 

fa^J^^2A05{c|2^^),  (11) 

a  fundamental  //-wave  provided, 

fa^[7fl  ^  3.83(c/27r),  (12) 

the  component  En  of  the  £-wave  provided 

fa^|^^3.83(cJ2^^)  (13) 

and  the  component  II n  of  the  //-wave  provided 

/aV^^  1.84(c/2x).  (14) 

Thus  from  the  standpoint  of  minimum  physical  constants  and  di- 
mensions the  component  Hn  of  the  //-wave  is  most  advantageous. 
The  consideration  of  the  attenuation  characteristics  below  will  show, 
however,  that  this  advantage  is  outweighed,  since  in  practice  the 
attenuation  will  be  the  controlling  factor. 

We  shall  now  consider  the  characteristic  impedance  of  the  system. ^^ 
While  the  derivation  of  the  characteristic  impedance  is  interesting  and 
valuable  on  its  own  merits,  it  also  provides  the  basis  for  a  quasi- 
synthetic  and  approximate  method  of  deriving  the  attenuation  which 
will  be  developed  below.  The  results  obtained  here  on  the  assumption 
of  a  perfect  conductor  will  be  valid  in  the  dissipative  case  of  the 
next  section  provided  the  conductivity  is  sufificiently  high  so  that  the 
relation,  47ro- »  eco/c^,  obtains  among  the  constants  of  the  sheath. 

The  characteristic  impedance,  K,  is  here  defined  as  the  transverse 
Complex  Poynting  Vector,  P,  integrated  over  the  cross  section  of  the 
system  divided  by  the  mean  square  current.     Thus  we  have,  in  general. 


P  =:l^jdSlE-H*:\, 


(15) 

=  W  +  i2oi{T  -  U), 

''  See  the  discussion  of  the  characteristic  impedance  in  Section  I  of  this  paper. 
Equation  (15)  below  is  in  agreement  with  the  definition  there  given. 
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where  W  is  the  mean  energy  transmitted  through  the  cyHnder,  T  is 
the  mean  stored  magnetic  energy  and  U  the  mean  stored  electric 
energy,  H*  denoting  the  conjugate  imaginary  of  //.     Then 

K  =  Ku+  iKi  (16) 

and 

lKn\iV=W,  (16a) 

while 

\Ki\I\^  =  2co(r-  U),  (16b) 

/  being  the  total  current.  (In  a  non-dissipative  system  T  =  U  and 
K  =  Kr.)     Rewriting  the  integral  in  (15)  we  therefore  have 

W  =  hKn\I\'  =  ^\   r  rp{E,He*  -  EeH,*)dpde]  -        (17) 

^'^L^O      Jo  J  Real  Part 

(From  equations  (1)  it  readily  follows,  that  for  any  E-  or  //-wave,  K 
may  be  made  to  depend  upon  either  the  transverse  electric  or  transverse 
magnetic  force  alone  by  substituting  in  formula  (17) 


for  the  £-wave,  and 


(18) 


(19) 


for  the  //-wave,  where  [£]-  and  [//]'  are  defined  as 

lEj  =   |£p|2  +  \Ee\'-     and     [HJ  =   \H,\^  -f  {Hel''.) 
Consider  first  the  fundamental  ii-wave.     H^,  //p  and  Eg  are  zero  and 

E,  =  AJoipX), 

E,  =  ^AJ,(p\),  ■  (20) 


//,  =  ^,/l/,(pX), 


fico  1 
where 

X2    =    ^2   _^    CO^V^ 


and  X  =  rom/a.     (Jo(rom)  =  0.) 

From  (3)  the  total  axial  current  /^  in  the  sheath  is  given  by 

L  =  ple,     P  =  a.  (21) 


HYPER-FREQUENCY   TRANSMISSION  321 

Putting  7.  =  1  then  gives 

2X 


Thus 


eiw  aJi{\a) 

^c     c  r  /  /o(Xa)  V  _    2_  M^a)  I 

e  ■  »'  L  \  M^a)  /         ^o,  Ji{\a)  J 

=  c^lJ^e  VI  -{fojfr-.  (22) 

Now,  for  the  fundamental  component  Ho  of  the  //-wave,  E^,  Ep  and 
He  are  zero  and 

//.  =  C/o(\p), 

//,  -^C/i(Xp),  (23) 

Ee=  -^CJi(Xp), 
where 

X2    =    ^2   _^    OjVz'^ 

and 

X  =  ro„7a.  (/o'(ro„.)  =  0.) 

There  is  no  axial  current  transmitted  by  this  wave  but  there  is  a 
circulating  current  in  the  sheath.  From  (4)  this  circulating  current, 
1$,  per  unit  length  is  given  by 

le  —  -^zHz    when     p  =  a.  (24) 

Thus,  for  the  //o-wave,  we  calculate  the  characteristic  impedance  with 
respect  to  unit  circulating  current  per  unit  length  of  conductor.  This 
gives 


/o(Xa) 


1    /4 


bTro) 


^(2.aft^l-)\  (25) 

where,  as  given  above,  raJ  is  the  mth  root  of  Ja'^Xa),  and,  by  (10), 

c  1 


V     = 


V6mVi  -  UoJIf? 
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So  we  see  that,  while  the  characteristic  impedance  of  the  £o-wave 
approaches  a  constant  at  very  high  frequencies,  for  the  //o-wave  we 
have 

K   -   0)2. 

In  other  words,  while  the  energy  transmitted  by  the  £o-wave  is  inde- 
pendent of  the  frequency  at  sufficiently  high  values  of  frequency,  that 
transmitted  by  the  i^o-wave  increases  as  the  square  of  the  frequency. 
For  the  harmonic  E-  and  iJ-waves,  the  currents  vary  as  cos  tiB 
around  the  periphery  of  the  sheath.  Hence  the  total  harmonic  current 
is  zero  over  any  axial  or  normal  cross-section.  For  these  waves,  how- 
ever, it  is  possible  and  convenient  to  calculate  the  Complex  Poynting 
V^ector  on  the  basis  of  the  average  mean  square  current  intensities, 


w}      2   4^    ^^     ""^     2^  I 


2,„       ,1   r^Mi^, 

2    4x 


2 

dd,         P  =  a, 


which  we  may  assume  for  convenience  to  be  of  the  same  value,  1/2, 
as  the  mean  square  currents  associated  with  the  fundamental  com- 
ponents. 

On  this  basis  we  shall  obtain  first  the  characteristic  impedance  of 
any  harmonic  component  En  of  the  E-wave,  ignoring  dissipation. 
Putting 

/„(Xa)  =  0     and     \a  =  r^m, 

the  Complex  Poynting  Vector  becomes 

^      a^      rev'/  ccy\A4^_±\BJ^,^      ,      ,^,  ,_^ 

On  the  basis  of  the  current  value  which  we  are  assuming 

\AnV-\-    \BnV 

Thus 


^^  (/„-i(rn„,))^  =  327rM  ^  )  •  (27) 


Ku  =  (iTraycyl^eyll  -  (fnjf)'.  (28) 

Similarly,  for  the  component  J/„  of  the  //-wave,  we  put 
Jn(\a)  =  0     and     \a  =  r„ 


nm  ) 

getting 


^^  =  l^^^/^:-(:0'(l^»|'+|^"|^>^=w-X'-(5)')■  '^'' 


HYPER-FREQUENCY   TRANSMISSION  323 

where 

(|C„|2+  \D,^'){J,.{rnJ)Y  =  n^\  (30) 

Thus 

where,  as  given  alnne,  r„„/  is  the  mth  root  of  7„'(Xa)  and,  by  (10) 
.         c  1 

Thus  the  mean  transmitted  energy  and  the  characteristic  impedance  of 
all  components  of  the  il-wave  increase  as  the  square  of  the  frequency 
whereas  these  characteristics  of  the  £-wave  are  constant  with  respect 
to  frequency.  To  appreciate  the  bearing  of  this  difference  upon  the 
comparative  attenuations  consider  the  following  argument. 

Since  the  wave  varies  along  the  s-axis  of  the  transmission  system  as 
exp.  ((—  a  —  i^)z),  a  and  jS  denoting  the  attenuation  and  phase  con- 
stants per  unit  length,  respectively, 

^-^^^-laW.  (32) 

dz 

But,  denoting  by  Q  the  dissipation  loss  per  unit  length  of  the  trans- 
mission system,  we  have  also 

^-^=-Q.  (33) 

dz 

Hence,  

a  =  Q/2W  (34) 

=    (47r^/c?5[£-/^*].)Rea,Parf  (35) 

Thus,  w^e  see  that,  if  the  mean  dissipation  loss^  Q,  is  known  or  readily 
obtainable,  the  Complex  Poynting  Vector,  W,  leads  immediately  to 
the  attenuation. 

To  obtain  Q  we  have  the  formula 

Q=  -(^fdSlE-H*2r)  •  (36) 

\  OTTJ  /  Real  Part 


Thus  a  may  also  be  written 


-  fdSlE-H*J\  .37. 

2/rf5[£-//*].    /Real  Part 
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in  which  it  is  evident  the  current  is  not  exph'citly  involved.  If  we 
write 

Q    =    RiP)m 

and  

w  =  Kr{pu 

R  being  the  resistance  per  unit  length  and  Kr  the  characteristic  im- 
pedance with  respect  to  the  mean  square  current  {P)m  we  have  in 
addition 

a  =  RI2Kr.  (38) 

Before  continuing  our  discussion  of  attenuation,  we  shall,  therefore, 
have  to  calculate  the  losses  in  the  sheath  and  the  internal  dielectric 
medium. 

III.     DissiPATivE  Hollow  Conducting  Guides 

In  the  ideal  case  of  the  preceding  section,  where  the  conductivities 
o"!  and  0-2  of  the  dielectric  and  conductor  are,  respectively,  zero  and 
infinity,  the  boundary  conditions  are  simply  that  £z  =  £9  =  0  at  the 
surface,  p  =  a.  When  we  take  into  account  the  dissipation  which  is 
actually  present  in  the  conductor  (and  the  dielectric  as  well)  the 
boundary  conditions  are  the  continuity  of  both  the  tangential  electric 
and  tangential  magnetic  forces.  This  double  set  of  boundary  con- 
ditions makes  the  problem  inherently  more  difficult,  of  course.  As  we 
are  assuming  a  good  conductor  and  dielectric,  we  shall  treat  the  dissi- 
pative  case  as  a  departure  of  the  first  order  from  the  ideal  case.  Thus, 
since  the  dissipation  has  a  negligible  first  order  effect  upon  the  phase 
velocity,  the  propagation  constant  7  will  now  be 

7  =  iwjv'  -\-  a, 

where  a  denotes  the  attenuation. 

We  must  now  consider  the  field  in  the  sheath  as  well  as  the  field 
in  the  inner  dielectric  medium.  When  necessary  we  distinguish  be- 
tween the  electrical  constants  of  the  two  media  by  the  subscripts  2 
and  1,  respectively.  We  suppose  that  the  sheath  is  electrically  very 
thick,  a  legitimate  assumption  at  the  very  high  frequencies  in  which 
we  are  interested,  and  write  for  p  >  a, 

00 
£j  =  X!  Kn(p}^2)(An  COS  7id  +  Bn  siu  vd)  cxp.  {icoi  ±  yz), 

II z  =  2Z  Kn{p\2){Cn  COS  lid  +  Z)„'  sin  nd)  exp.  (toj/'db  7s), 

n=0 

where 

X2"  =  7"  —  /'2" 


■     Jn'iy) 
^'yJniy) 

Kn'(x)\ 

4y= 

0,     (40) 

■y2    =   0^(72 

-  h,') 

(40a) 

x^  =  a\y^ 

-  //2^). 

(40b) 
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and  Kn  is  the  Bessel  function  of  the  second  kind  "  (or  the  external 
Bcssel  function)  and  obtain  Up,  He,  Ep  and  £9  from  (39)  and  (1). 
Putting 

\ia  —  y     and     X20  =  x, 

and  equating  the  tangential  electric  and  magnetic  forces  E^,  Ee  and 
H:,  He  at  the  boundary  surface  p  =  a,  we  obtain  eight  homogeneous 
equations  in  the  eight  arbitrary  constants.  A  non-trivial  solution 
requires  the  vanishing  of  the  determinant;  this  condition  leads  to  the 
transcendental  equation : 

hi'  Jn'{y)      h'  Kn'jx) 

Ml    yJniy)  M2    xKn{x) 


where 
and 


The  propagation  constant  7  is  then  determined  by  equation  (40). 

We  mentioned  in  Section  II  that  the  E-  or  il-waves  cannot  exist 
alone  in  the  dissipative  case  unless  they  are  circularly  symmetrical  and 
it  may  be  noticed  that  both  E^  and  Hz  were  required  in  the  analysis 
of  the  preceding  paragraph.  To  show  that  E^  and  Hz  must  coexist 
when  the  conductor  is  dissipative,  assume  for  the  moment  that  E^  =  0. 
The  boundary  equations  when  n  9^  0  are  then 

hjn{y)  =  Hk..{x),  ^Jn(y)  =  ^K.ix),  (41) 

y-  x~  y  X 

^  Jn'{y)    =  ^-^Kn'{x),  ^^  Jn'iy)    =   "-^  Kn'{x); 

six  equations  which  cannot  be  satisfied  by  four  arbitrary  constants. 
When  w  =  0,  however,  Hb  is  everywhere  zero  and  the  boundary  equa- 
tions are  simply 

C,Jn{y)  =  C,'K,{x), 

^J,'(y)  =^Xo'(.x).  ^^^^ 

13  This  is  the  Hankel  function  given  in  Jahnke  und  Emde,  "Funktionentafeln," 
p.  94,  1st  ed.,  and  denoted  by  Hr^'-H^)  when  arg  s  <  tt.  To  avoid  confusion  with  the 
wth  harmonic  of  the  if-wave,  we  shall  use  Kn  as  a  generic  symbol  to  denote  the 
external  Bessel  function. 
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Similarly  the  boundary  equations  can  be  satisfied  when  H^,  =  0  pro- 
vided n  =  0  but  not  when  n  9^  0. 

Although  E;  and  Hz  must  co-exist  in  the  dissipative  case,  one  or 
the  other  will  predominate  in  the  actual  wave  provided  the  conduc- 
tivity is  so  high  that  4ir(T2 »  faW^^-  a  condition  which  is  true  of  a  good 
conductor  unless  /  ^  <x  .  That  this  is  so  or,  in  other  words,  that  the 
actual  wave  approximates  either  an  E-  or  an  //-wave  will  now  be 
shown  from  equation  (40).  Since  it  is  assumed  that  the  conductivity 
is  high  or  that 

47ra2 »  eoco/c2     and      Jh'^ »  y\  (43) 


X  =  a\  —  ^TTCitXiiixi  and  the  asymptotic  values  of  Knix)  and  Knix)  are 
valid.     Equation  (40)  may  then  be  written 

\Mi  yJn{y)      fJLia/\     yJn(y)       ahi/  \y-      a-hi^/ 

When  ho  =   x  ,  (44)  reduces  to 

Jn(y)  =  0  provided  /„(>-)  ^  0  (45) 

j^Xy)  =  0  provided  Jn(y)  9^  0.  (46) 


and  to 


Thus  there  are  two  possible  solutions  of  (44).  These  are  in  the  neigh- 
borhood o{  y  —  r  and  of  3*  =  r',  where  r  and  r\  respectively,  are  roots 
of  Jniy)  =  0  and  of  Jn'{y)  =  0,  the  equations  characterizing  the 
E-  and  the  Il-wave,  respectively.  We  shall,  therefore,  refer  to  E-  and 
//-waves  in  the  dissipative  case  with  the  understanding  that  the  actual 
wave  approximates  either  one  or  the  other  type  in  a  cylinder  of  suffi- 
ciently high  conductivity. 

As  stated  above,  the  propagation  constant  7  may  be  determined  by 
solving  equation  (40).  The  procedure  is  straightforward  but  is  com- 
plicated by  the  necessity  for  approximations  and  does  not  easily  admit 
of  physical  interpretation.  We  may  obtain  the  same  attenuation  for- 
mulas by  means  of  the  quasi-synthetic  method  developed  at  the  end 
of  Section  II. 

The  high-frequency  attenuation  of  the  symmetric  E-  and  //-waves 
is  easily  derived  from  equation  (38).  Here  R,  the  resistance  per  unit 
length  of  the  cylinder  for  the  E-wave  at  sufficiently  high  frequencies, 
is  given  by 


R  =  yj^^ll^.  (47) 
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Introducintj  K  of  (22)  for  Kr,  and  understanding  that  e  =  ei,  while  it  is 
assumed  that  €2  =  1 ,  we  have 

=  J_     (itS  ^  (48) 

"       lac  Wicra  Vl  -  (/oj/)^ 

to  a  high  precision  at  high  frequencies  (/  >  /o,„) .  This  is,  of  course,  the 
contribution  of  the  conductor  and  ignores  the  effect  of  the  conductivity 
of  the  dielectric. 

Similarly,  for  the  fundamental  //-wave,  the  resistance  per  unit 
length  of  the  cylinder  at  sufficiently  high  frequencies,  from  equations 
(1)  and  (39)  andthe  relations 


Q  = 


and 


is  given  by 


L  ^^  Jo                 -J 

Real  Part 

(P),„  =  ^i7«r^  = 

1 

2' 

D    _    \M2//0'2_ 

(49) 


Putting  K  of  (25)  for  Kr,  gives,  to  the  same  precision  as  (48),  when 

/   >  JOm  , 


VfM2/MiO"2(/o7«')-  /  ^'~ 


(50) 


2«c       VI  -  {h,n'ijr~ 

Formulas  (48)  and  (50),  respectively,  may  be  written  in  the  form 


ao 


VI    -    UelS? 


f>fc  (48)' 


and 


where 


(fc'lIY  f^f.  (50)' 


1       /eM2/ 


"«-2^c\'m 


and  /c  and  /c'  are  the  critical  frequencies  of  the  fundamental  E-  and 
//-waves,  respectively,  as  given  by  (8)  and  (8)'. 
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Thus,  in  the  neighborhood  of  their  respective  critical  frequencies,  the 
attenuations  of  the  two  waves  are  functionally  the  same;  ultimately, 
however,  while  the  attenuation  of  the  fundamental  £-wave  increases 
asf-,  the  attenuation  of  the  fundamental  //-wave  decreases  as  f-^'^; 
a  remarkable  property  peculiar  to  this  type  of  wave  alone. 

By  extending  the  preceding  treatment  to  the  harmonic  waves,  it  is 
found  after  some  rather  laborious  analysis  that  for  all  the  component 
£- waves, 

/>/n.  (51) 


Vi  -  (fn/ir 


Care  must  be  taken,  of  course,  to  choose  the  correct  critical  frequency 
(/„  =  /„„,)  for  the  particular  component  wave  under  consideration. 

For  all  the  //-waves  (including  the  fundamental  //-wave)  it  is  found 
that 


«0  /    ,r  r,r^^,     ,  {fljr'Y 


Here  n  is  the  order  of  the  geometric  harmonic  wave  (//n-wave)  and 
r'  is  the  root  of  Jn'iy)  corresponding  to  the  particular  component  wave 
under  consideration. 

The  foregoing  formulates  the  attenuation  due  to  dissipation  in  the 
sheath  alone.  If  we  suppose  that  the  dielectric  has  a  very  small  but 
finite  conductivity  a\,  then  there  must  be  added  to  the  attenuation, 
for  all  types  of  waves,  a  term 


{^^) 


Vl   -   {fnlf? 


To  a  first  order  approximation  the  dissipation  has  no  effect  on  the 
phase  velocity,  which  is  simply  v' . 

Comparative  values  of  attenuation  are  shown  on  the  accompanying 
drawing  for  the  fundamental  and  for  the  first  harmonic  E-  and  //- 
waves.  This  is  the  attenuation  due  to  the  loss  in  the  conductor  only. 
That  due  to  the  dielectric  loss,  the  term  given  by  (53),  must  be  added. 
In  many  instances,  we  cannot  say  how  large  this  term  will  be,  for  the 
losses  in  many  dielectrics  at  the  high  frequencies  involved  herein  are 
not  known  with  any  certainty  at  present.  Such  approximate  calcu- 
lations as  we  have  made,  however,  ha^'e  shown  them  to  be  very  large 
except  in  the  case  of  air. 
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VALUES  OF  ^ 
Attenuation,  a,  in  Hollow  Conducting  Cylinder. 


Multiplv  ordinates  b\-  Ao  =  -^  \ — tTTrTi  to  read  db  per  mile. 

(1  1  (T    X     It)'' 

hor  copper,  Ao  =  -r^~  • 

Multiply  abscissae  by/c  =  (2.30/(^)10^  to  read  frequency  in  megacycles.     Here 
fc  =  critical  frequency  of  fundamental  £-\vave  in  megacycles, 
d  =  inner  diameter  of  cylinder  in  centimeters, 
<T  =  conductivity  of  cylinder  in  emu 
=  6.06  X  10-^' for  copper. 


IV.     Dielectric  Cylindrical  Guides 

We  shall  now  pass  to  the  mathematical  theory  of  waves  in  dielectric 
"wires"  of  circular  cross-section,  immersed  in  air.  We  assume  that 
the  dielectric  is  perfect.  The  field  in  such  a  dielectric  guide,  and  in 
the  air  outside,  can  be  represented  by  the  same  general  expressions 
as  in  hollow  tubes.     Thus  for  the  «th  harmonic  wave,  we  have 


E,  =  AnJnO^ip)  cos  nd, 
Ez  =  CnKni^ip)  cos  nd, 


Hz  =  BnJnO^ip)  sin  nd,  in  the  guide, 
Hz  =  DnKn0^2P)  sin  nd,  in  the  air. 


(54) 


The  exponential  factor  g— >2+^"'  is  implied  in  these  as  well  as  in  the 
subsequent  expressions  for  the  field  intensities.  Another  fundamental 
solution  is  obtained  by  changing  d  into  d  +  7r/2«. 

The  transverse  components  of  E  and  H  are  obtainable  from  E^  and 
H,  by  differentiation.  For  our  present  purposes  we  need  only  E@  and 
H^;  these  are 
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Ee  =     An^-j-  /n(Xip)  +  -Bn-T— V„'(Xip)     sin  n9,  in  the  guide, 

L  AiV  Ai  J 

He  ^  -  \  Anl^Jn'O^ip)  +  Bn^  Jn{\ip)     COS  iiO,  in  the  guide, 

L         XiC-  Ai^p  J 

C„  ^  X„(X2P)  +  i^n  ^'  X„'(X2P)  1  sin  nd,  in  the  air, 

Ao'P  A2  J 

cos  7i6,  in  the  air. 


(55) 


Ee- 
He=  - 


Cn  ^'  i^,/(X2p)    +Dn^  KniXop) 
KzC^  \2''P 


The  boundary  conditions  require  the  continuity  of  the  tangential 
components  of  E  and  H.     Hence  if  a  is  the  radius  of  the  guide,  we  have 

AnJn(\ia)  =  CnKn{\2a),     5„/„(Xia)  =  D„Kn{\2a),  (56) 

Ai  G-  Ai  A2  Q-  A2 

^n^V„'(Xia)  +5„-^7„(Xia)  =  C„'^i^„'(X2a)  +Dn^Kn{\2a). 
Mc^  Xi^o  X2C-  Wa 

This  is  a  homogeneous  set  of  linear  equations  in  the  coefficients  A,  B,  C 
and  D  from  which  only  the  ratios  of  these  coefficients  can  be  deter- 
mined. But  there  are  only  three  independent  ratios  and  four  equations ; 
eliminating  these  ratios  we  shall  obtain  the  characteristic  equation  of  our 
boundary  value  problem  from  which  the  propagation  constant  7  can  be 
calculated  in  terms  of  the  frequency,  the  radius  of  the  guide  and  the 
electromagnetic  constants  of  the  guide. 

If  «  =  0,  the  above  set  of  equations  breaks  up  into  two  independent 
sets  connecting  the  pairs  A,  C  and  B,  D.  Hence  non-trivial  solutions 
are  possible  by  letting  A  —  C  —  QorB  =  D  =  0.  In  one  case  Ez  is 
zero  everywhere  and  in  the  other  Hz  vanishes.  Thus  in  the  circularly 
symmetric  case  we  have  waves  of  either  the  £-type  or  iJ-type  in  the 
sense  previously  defined.  But  if  n  9^  0,  then  E^  and  Hz  must  be 
present  simultaneously. 

The  case  «  =  0  is  so  much  simpler  than  the  others  that  we  shall 
examine  it  separately.  Thus  the  characteristic  equation  for  an 
£o-wave  is 

ei/i(Xia)  e2Ki(\2a) 


Xia/o(Xia)       X2aiCo(X2a)  ' 

and  that  for  an  Jfo-wave  is 

Ati/i(Xig)  ^  fxzK i(\2a)  ^ 
\iaJo(\ia)       \2aKo(^2(i) 


(57) 


(58) 
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In  addition  to  either  of  these  equations,  we  have 


7  =  VXi2  -  MiticoV^'  =  VX2'  -  M2e2coVc2,  (59) 

and  the  condition  that  for  truly  guided  waves  y  and  X2  must  be  pure 
imaginary  while  Xi  is  real.  When  X2  is  pure  imaginary,  the  Hankel 
function  of  the  second  kind  will  decrease  almost  exponentially  with 
increasing  distance  from  the  guide  if  this  distance  is  sufficiently  large. 
If  Xi  and  X2  are  taken  from  (59)  and  substituted  in  (57)  and  (58)  we 
shall  have  equations  determining  7  in  terms  of  w.  Unfortunately  these 
equations  do  not  admit  of  an  explicit  solution  for  7.  It  is  possible, 
however,  to  carry  out  the  numerical  calculations  in  the  following 
manner.  We  plot  the  left  and  the  right  terms  of  (57),  let  us  say, 
against  their  arguments;  then  we  select  a  pair  of  values  of  these 
arguments  corresponding  to  equal  ordinates.  Let  us  suppose  that  we 
obtain 

(Xia)2  =  p\     (X2o)2  =  -  q\  (60) 

where  p  and  g  are  real.     Referring  to  section  III,  we  have  p  =  y  and 
iq  =  X.     Substituting  these  in  (59)  and  solving,  we  have 


Hp'^  +  q^  _   •     /j"2e2Co2        q 


i2 


7  =  .^/-^+^,-  (61) 


a  yj  file  I  —  ixi€i 

Since  mi  usually  equals  ^2,  the  guided  waves  are  possible  only  if  the 
dielectric  constant  of  the  guide  is  higher  than  that  of  the  surrounding 
medium. 

The  lowest  value  of  q  is  zero;  the  right  member  of  (57)  is  then  infinite 
and  the  corresponding  value  of  p  must  then  be  a  root  of 

J,{pm)  =  0.  (62) 

Corresponding  to  each  root  w^e  have  a  different  mode  of  propagation. 
The  lowest  frequency  which  can  be  transmitted  in  any  particular  mode 
and  the  corresponding  propagation  constant  are  given  by 

-        -  ^^-  y    ^^jd^.  (63) 


a^llltl   —   1X262 

At  this  frequency  the  phase  velocity  of  propagation  is  equal  to  that  of 
light  in  air.  Since  X2  is  small,  the  field  extends  to  great  distances 
outside  the  guide.  As  q  increases  indefinitely,  the  right  part  of  (57) 
approaches  zero  and  p  must  approach  the  root  of  /i(.v)  near  the  par- 
ticular root  of  /o  that  we  happen  to  be  considering.  Thus  for  large 
values  of  q,  we  have  approximately 

cq                          i'coV/UiCi  /z,.N 

CO  =  - —  =  ,     7  = i^-ij 

a^Mlel  —  M2«2  ^ 
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Hence  at  high  frequencies  the  propagation  takes  place  substantially 
with  the  velocity  of  light  appropriate  to  the  substance  of  the  guide. 
The  constant  \2  being  large,  the  field  is  concentrated  largely  in  the 
guide. 

Returning  to  the  general  w-th  harmonic  wave,  we  set 

An    =    SKn(\2a),  Cn    =    SJn{\ia), 

Bn  =  TKn{\2a),     Dn  =  TJ„(\,a).  ^  ^^ 

Substitute  in  the  last  two  equations  of  (56)  and  eliminate  5  and  T. 
Thus  we  obtain 


^'^    T    J^     (    ^  M    C  •       (  y^^JnKn  lJilKnJn'\    ^ 

a  \\i-      X2-  /  V       X2  Xi       / 

O    =  J nJ^n 


X2  Xi        /  a  \Xi^        X: 

Subsequently 

^■LlJ-i.Jn'     _  ?(eiM2    +   111^2)  J n'Kn'    _  e2M2-K^>/" 
pUn'  PqJnKn  q^Kr? 

and  finally 


(66) 


(67; 


Kn-lKn+1  Jn-lJn+1  «(€l/X2   +   Ml«2)/n  Kn 

ei/^1  +  e2M2 


(68) 


P'q' 

Allowing  q  to  approach  zero,  we  shall  obtain  in  the  limit  an  equation 
whose  roots  in  conjunction  with  (61)  determine  the  critical  frequencies. 

Thus  if  «  >  1,  we  obtain 

(eiM2  +  /X162)  ^^TTTT^  =  <''  -  ^^)('"2  -  ^^)  +  ^^  P'-      (69) 
Jn{p)  n  —  I 


Since  ordinarily  m  =  fi-i,  (69)  becomes 

Jn-\{p)  62 


pJniP)  {n    -    l)(€l   +   62) 


(70) 


If  the  dielectric  constant  of  the  guide  is  very  much  higher  than  that  of 
the  surrounding  air,  the  first  few  roots  of  (70)  are  very  close  to  those  of 
Jn-\{p)  =0.     As  q  increases  indefinitely  (68)  degenerates  into 

Jn-\{p)Jn+l{p)    _    ^  ..... 

Jn'(P)  ~  ^^ 
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Thus  in  the  hmit  the  roots  of  (68)  will  be  exactly  those  of  Jn~i{p)  =  0. 
In  other  words  as  q  varies  from  0  to  oo  the  corresponding  value  of  p  as 
given  by  (68)  will  not  change  much.  It  might  appear  that  the  limiting 
values  of  p  could  be  roots  of  Jn^\{p)  =  0;  this  is  not  possible,  however, 
because  in  the  process  of  transition  p  would  have  to  pass  th  rough  the 
intermediate  zero  of  Jn{p)  and  no  real  value  of  q  is  consistent  with 
such  zeros. 

The  case  n  =  I  requires  a  special  examination.  After  multiplying 
(68)  by  q-  and  permitting  (/  to  approach  zero,  we  find  that  the  first  term 
tends  to  infinity  while  the  last  term  becomes  a  constant.     Since  the 

limit  of  ^^  is  finite,  Ji(p)  must  approach  zero.     Thus  for  w.  =  1,  the 

critical  frequencies  are  determined  by  the  zeros  of  Ji{p). 

One  interesting  point  may  be  mentioned  in  conclusion.  If  the  guide 
were  surrounded  by  a  hypothetical  medium  of  zero  dielectric  constant, 
equation  (57)  for  the  £o-waves  would  become 

/i(Xia)     ^  Q^     j^^^^^^  ^  Q  (72) 


\iaJo{\ia) 

Thus  the  critical  frequencies  would  be  given  by  the  roots  of  Jiip)  =  0 

and  not  by  those  of  Jo{p)  =  0  as  is  the  case  for  any  ratio  —  different 

from  zero  no  matter  how  small  it  may  be.  Our  first  impression  is  that 
this  result  does  violence  to  our  physical  common  sense  which  demands 
that  the  hypothetical  idealized  case  should  be  an  approximation  to  the 
real  one  when  one  dielectric  constant  is  large  in  comparison  with  the 
other.  And  indeed  common  sense  is  justified  if  one  does  not  adhere  too 
closely  to  the  exact  mathematical  definition  of  the  expression  "critical 
frequency."  In  the  region  between  any  particular  zero  of  Jo(p) ,  giving 
the  true  critical  frequency,  and  the  corresponding  zero  i*  of  Jiip), 
giving  the  "approximate"  critical  frequency,  most  of  the  energy 
travels  outside  the  guide,  with  a  velocity  substantially  equal  to  that  of 
light  in  the  surrounding  medium.  The  "approximate"  critical 
frequency  marks  the  region  of  the  most  rapid  transition  from  wave 
propagation  outside  the  guide  to  that  inside  the  guide. 
"  This  zero  is  always  larger  than  that  of  Jo(p)- 


A  Magneto-Elastic  Source  of  Noise  in  Steel  Telephone  Wires 

By  W.  O.  PENNELL  and  H.  P.  LAWTHER 

The  appearance  of  an  electromotive  force  at  the  terminals  of  a  vibrating 
rod  or  wire  of  magnetic  material  was  investigated.  It  was  concluded  from 
experiments  somewhat  more  simple  and  direct  than  those  employed  by  other 
investigators  that  the  effect  was  due  to  changes  in  the  state  of  circular 
magnetization  accompanying  the  variations  of  stress.  The  results  suggested 
problems  for  more  intensive  investigation  and  applications  of  possible 
practical  value. 

nr^HERE  probably  are  few  persons  who  have  not  had  the  experience 
■^  of  standing  near  some  telephone  or  telegraph  line  out  in  the  open 
and  hearing  the  singing  of  the  wires  resulting  from  the  wind  blowing 
over  them.  Perhaps  in  childhood  it  was  a  source  of  wonderment  why 
these  sounds  could  not  be  heard  at  the  telephones,  and  later,  upon 
learning  that  telephone  transmission  was  accomplished  electrically 
and  that  these  vibrations  were  mechanical  only,  tolerant  amusement 
was  felt  at  this  earlier  ingenuousness.  Apparently  it  has  remained 
until  a  very  recent  date  for  the  discovery  unmistakably  to  be  made 
that  it  is  possible  under  certain  conditions  for  the  mechanical  vibration 
of  a  telephone  wire  to  generate  electromotive  forces  of  sufficient  mag- 
nitude to  become  objectionably  audible  in  the  telephone  circuit.  It 
was  in  April,  1935  that  Mr.  G.  G.  Jones  of  the  Long  Lines  Department 
of  the  American  Telephone  and  Telegraph  Company  mentioned  to  one 
of  the  writers  the  experience  his  Company  had  had  a  short  time  before 
in  tracing  down  a  supposed  case  of  inductive  noise  to  the  action  of 
the  wind  upon  a  1200-foot  steel-wire  river-crossing  span  near  Topeka, 
Kansas.  This  particular  case  had  been  cleared  promptly  by  the 
application  of  suitable  vibration  damping  devices  generally  recom- 
mended for  situations  where  vibration  might  cause  trouble.  Special 
investigations  then  were  made  of  long  steel-wire  spans  at  several 
locations  in  the  Southwestern  Bell  Telephone  Company  territory,  and 
it  was  revealed  that  some  slight  noise  derived  from  this  source  actually 
was  present  in  every  case — and  in  one  particular  instance,  where  the 
wind  velocity  and  direction  happened  to  become  very  favorable  to  the 
production  of  wire  vibration  during  the  time  of  the  inspection,  the 
noise  arose  to  a  serious  magnitude.  In  none  of  these  locations  had 
there  been  previous  evidence  that  vibration  was  serious.  That  so 
simple  and  direct  a  phenomenon  had  escaped  identification  at  the 
hands  of  telephone  workers  through  the  years  of  the  art's  existence 
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seemed  remarkable,  and  especially  so  in  view  of  the  fact  that  Bell, 
the  inventor  of  the  telephone,  in  1879  made  passincj  note  ^  of  an 
experimental  finding  that  probably  was  due  in  part  to  this  effect. 
Accordingly,  the  writers'  interest  was  aroused  to  the  extent  that  an 
investigation  was  undertaken  to  learn  the  basic  cause  of  the  observed 
result. 

In  the  light  of  subsequent  knowledge  it  was  surprising  that  some  keen 
observer  had  not  predicted  and  demonstrated  the  effect  as  the  natural 
and  necessary  consequence  of  the  researches  of  Ewing  ^  and  his  pred- 
ecessors upon  the  relation  between  state  of  magnetization  and  state 
of  stress  of  a  ferromagnetic  specimen.  Apparently  it  remained  for 
von  Hippel  and  Stierstadt  ^  first  to  remark  the  phenomenon  in  1931. 
These  men  were  unable  to  interpret  the  effect  in  simple  terms,  however, 
and  their  reports  presented  a  series  of  premature  conclusions.  \'on 
Auwers  *  alone  recognized  the  effect  as  capable  of  complete  and 
satisfying  explanation  on  the  basis  of  magneto-elasticity,  but  he  chose 
a  method  of  establishing  this,  the  interpretation  of  which  was  quite 
involved.  For  their  own  satisfaction  in  comprehending  the  phenom- 
enon the  present  writers  were  led  to  conduct  a  series  of  experiments 
of  qualitative  character.  It  was  felt  that  knowledge  and  clear  under- 
standing of  the  effect  should  be  of  immediate  interest  and  value  to 
workers  in  the  general  field  of  electrical  communication  in  the  United 
States. 

With  the  aid  of  an  amplifier  having  a  gain  of  110  decibels  and 
terminating  in  a  loud  speaker  it  was  practicable  to  conduct  the  experi- 
mentation with  specimens  of  table-top  dimensions.  This  amplifier 
had  an  input  impedance  very  much  higher  than  that  of  any  of  the 
specimens,  and  the  response  of  the  speaker  therefore  was  proportional 
to  the  voltages  generated  by  the  specimens.  A  stretched  iron  wire 
three  feet  long  would  yield  a  clear  sound  in  the  speaker  when  its  ends 
were  connected  to  the  input  of  the  amplifier  while  it  was  being  me- 
chanically stimulated  by  plucking  or  bowing,  and  the  sound  from  the 
speaker  would  be  closely  of  the  same  quality  as  that  heard  by  direct 
air  transmission  from  the  vibrating  specimen.  With  this  arrangement 
it  was  possible  to  detect  any  change  in  the  magnitude  of  the  effect  as 
great  as  two  to  one  simply  by  observing  the  loudness  of  the  sound. 

It  was  verified  immediately  that  the  effect  must  be  dependent  upon 
the  property  of  ferro-magnetism.  Taut  wires  of  soft  iron,  tempered 
steel,  or  nichrome ;  rods  of  soft  steel  or  permalloy— all  produced  strong 
sounds  in  the  speaker  when  their  ends  were  connected  to  the  input  of 
the  amplifier  while  they  were  stimulated  to  vibration  by  bowing, 
plucking,  or  tapping.     With  wires  of  copper  or  brass,  or  with  a  rod  of 
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carbon,  no  sound  could  be  heard.  Those  small  electromotive  forces 
which  must  have  resulted  from  the  motion  of  any  of  the  specimens  in 
the  earth's  magnetic  field  were  totally  inappreciable  with  the  apparatus 
employed. 

Now  the  appearance  of  a  potential  difference  between  the  two  ends 
of  a  wire  consequent  to  its  vibration  necessarily  must  have  implied  one 
of  two  situations — either  there  was  some  external  influence  or  some 
relation  to  its  surroundings  which  was  capable  of  discriminating  be- 
tween the  two  ends,  or  else  the  wire  possessed  inherently  some  property 
that  differentiated  between  the  two  directions  along  its  length.  Ac- 
cordingly, exhaustive  efforts  were  made  to  learn  if  orientation  had 
any  influence  on  the  phenomenon.  A  stretched  soft  iron  wire  about 
three  feet  long  yielding  a  clear  sound  in  the  speaker  upon  being 
plucked  was  employed.  First,  the  ends  of  the  wire  were  held  station- 
ary, and  the  wire  was  plucked  time  and  again  so  that  its  plane  of 
vibration  covered  representatively  the  various  inclinations  possible 
for  this.  Then  there  was  tried  a  large  number  of  positions  for  the 
axis  of  the  wire,  spread  uniformly  over  the  complete  sphere.  No 
response  to  orientation  could  be  found.  This  negative  result  meant 
that  the  phenomenon  under  investigation  must  have  arisen  funda- 
mentally through  some  condition  of  polarity  resident  within  the 
specimen.^ 

With  the  phenomenon  associated  so  definitely  with  the  ferro- 
magnetic property  of  the  substance,  and  attributable  so  certainly  to 
some  quality  of  polarity  of  the  specimen,  it  was  but  natural  to  recall  - 
the  considerable  changes  in  their  states  of  magnetization  which  ac- 
company the  applications  of  stresses  with  ferro-magnetic  materials. 
In  order  to  have  produced  an  electromotive  force  along  the  axis,  the 
state  of  magnetization  of  a  rod  or  wire  would  have  had  to  change  in 
that  same  sense  in  which  magnetization  would  have  been  acquired 
when  an  electromotive  force  was  applied,  and  current  allowed  to  flow, 
between  its  two  ends;  i.e.,  magnetization  in  closed  circular  paths 
centered  upon  the  axis  and  at  right  angles  thereto.  Having  formed 
this  reasonable  hypothesis  of  the  fundamental  process,  experiment 
then  was  carried  along  the  lines  of  testing  its  validity. 

Any  circular  magnetization  of  the  wires  and  rods,  since  its  circuit 
would  have  been  along  paths  of  low  reluctance  wholly  within  the 
material,  should  have  been  comparatively  stable  and  free  from  dis- 
turbance by  external  magnetic  fields  of  moderate  intensity.  The 
observed  fact  that  the  phenomenon  was  quite  independent  of  the 
orientation  of  the  specimen  in  the  earth's  magnetic  field  was  consistent 
with  this  view.     The  further  fact  that  the  imposition  of  a  strong 
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magnetic  lield  along  the  axis  substantially  weakened  the  effect  was 
additional  confirmation,  for  it  is  well  known  "  of  ferro-magnetic  ma- 
terials that  strong  magnetization  in  a  given  direction  reduces  their 
susceptibilit}'  in  other  directions. 

Of  course  it  was  inferred  at  once  that  the  same  stresses  that  brought 
about  changes  in  the  intensities  of  circular  magnetization  of  the  speci- 
mens also  were  causing  changes  in  the  intensities  of  longitudinal 
magnetization.  A  coil  of  insulated  wire  was  connected  to  the  input 
of  the  amplifier.  When  one  of  the  ferro-magnetic  specimens  was 
placed  along  the  axis  of  this  coil  so  that  the  coil  winding  was  approxi- 
mately midway  between  its  ends,  and  then  was  stimulated  to  vibration, 
similar  sounds  were  heard  from  the  speaker  as  with  the  previous 
arrangement.  As  an  interesting  comparison  it  was  found  with  a  soft 
steel  rod  specimen  six  feet  long  and  one  half  inch  in  diameter  that 
a  few  more  than  fifty  turns  of  wire  on  the  coil  were  necessary  to  produce 
a  sound  in  the  speaker  of  the  same  loudness  as  that  obtained  when  the 
amplifier  input  was  simply  connected  to  the  two  ends  of  the  rod. 
Taking  account  of  the  cross-sectional  areas  available  to  the  circular 
and  to  the  longitudinal  magnetizations,  it  thus  w^as  shown  that  the 
two  classes  of  efifect  were  not  of  different  orders  of  magnitude. 

There  now  was  prepared  a  specimen  planned  especially  to  emphasize 
the  effect  of  circular  magnetization.  A  soft  steel  tube  six  feet  long 
and  having  an  external  diameter  of  three  eighths  inch  and  a  bore 
diameter  of  one  eighth  inch  was  obtained,  and  midway  between  the 
two  ends  a  small  opening  was  cut  between  the  outer  surface  and  the 
bore.  Two  similar  windings  of  insulated  wire  were  placed,  each 
encircling  closely  with  four  turns  the  longitudinal  wall  cross-section 
of  the  tube  between  one  end  and  the  mid-point.  Switching  arrange- 
ment was  provided  for  connecting  these  two  windings  in  series  either 
so  as  to  encircle  the  total  wall  cross-section  in  one  sense,  or  so  as  to 
encircle  the  two  halves  in  opposite  senses.  The  tube  then  was  placed 
at  the  axis  of  a  six-foot  long  solenoid,  and  the  entire  assembly  w^as 
mounted  with  its  axis  horizontal  and  lying  in  the  magnetic  East-West 
direction.  Sources  of  direct  current  and  of  sixty  cycle  alternating 
current  were  available. 

Demagnetization  of  the  specimen  was  accomplished  by  passing 
initially  strong  alternating  current  through  the  solenoid  and  the  bore 
windings,  either  successively  or  simultaneously,  and  then  tapering 
this  current  off  uniformly  to  zero  value.  The  effectiveness  of  the 
treatment  could  be  inferred  from  the  following  observations.  The 
specimen  was  made  to  acquire  strong  residual  magnetism  in  the 
longitudinal  direction  by  passing  direct  current  momentarily  through 
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the  solenoid  winding,  and  its  magnetized  condition  was  verified  by 
exploration  with  a  magnetic  compass.  Then  upon  applying  the 
demagnetizing  cycle  either  to  the  solenoid  or  to  the  bore  winding  this 
evidence  of  the  magnetized  state  would  disappear. 

With  the  halves  of  the  bore  winding  in  series  aiding  and  connected 
to  the  amplifier  input,  tapping  on  the  end  of  the  demagnetized  tube 
produced  a  low  but  distinct  sound  in  the  speaker.  Upon  reversing 
one  half  of  the  bore  winding  the  loudness  of  this  sound  usually  was 
slightly  reduced,  but  occasionally  was  slightly  increased.  Following 
the  momentary  passage  of  direct  current  through  the  bore  winding 
with  its  halves  connected  in  either  sense,  the  loudness  of  the  sound 
from  the  speaker  was  tremendously  and  permanently  increased.  Now 
upon  reversing  one  half  of  the  bore  winding  the  loudness  of  this  sound 
always  was  reduced  markedly — although  never  to  so  low  a  level  as 
that  produced  by  the  demagnetized  specimen.  Also,  it  was  noted 
that  with  the  bore  windings  in  series  aiding  and  connected  to  the 
amplifier  input  and  starting  with  the  tube  demagnetized,  the  moment- 
ary' passage  of  direct  current  through  the  solenoid  winding  ("thereby 
imposing  a  state  of  residual  longitudinal  magnetization  upon  the 
specimen)  was  followed  always  by  a  moderate  but  marked  increase 
in  the  response  to  tapping. 

The  foregoing  results  established  quite  firmly  that  the  effect  under 
investigation  was  due  largely  if  not  wholly  to  variations  in  the  intensity 
of  circular  magnetization  accompanying  the  applications  of  stresses. 
The  presence  of  the  effect  to  a  slight  degree  with  a  specimen  which 
presumably  was  in  a  demagnetized  state  remained  unexplained,  since 
testing  equipment  was  not  available  for  extending  the  inquiry  further. 
Several  plausible  explanations  suggested  themselves.  Perhaps  a 
specimen  of  ferro-magnetic  material  could  not  be  demagnetized 
completely,  or — what  amounted  to  the  same  thing — perhaps  the  state 
of  complete  demagnetization  was  unstable,  and  was  followed  im- 
mediately and  spontaneously  by  the  appearance  of  some  magneti- 
zation. Again,  it  might  have  been  that  the  state  of  complete  de- 
magnetization was  reasonably  stable  of  itself,  but  was  readily  dis- 
turbed by  the  initial  application  of  the  mechanical  stresses.  It 
seemed  reasonable  to  expect  that  any  such  self-magnetization  would 
have  arisen  most  pronouncedly  along  the  paths  of  least  reluctance. 
For  the  time  being,  it  was  necessary  to  leave  this  point  to  conjecture. 
Certain  of  the  results  described  in  the  paragraph  immediately  pre- 
ceding clearly  were  attributable  to  lack  of  homogeneity  of  the  specimen. 

That  a  simple  length  of  iron  rod  should  be  capable  of  functioning 
as  a  complete  alternating  current  generator  appealed  to  the  writers 
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as  bcinj;  novel  and  curious.  So  direct  a  means  of  converlinj;  me- 
chanical into  electrical  energy  should  find  some  useful  applications. 
;\s  the  sensitive  element  in  a  telej^hone  transmitter  it  should  l)e  added 
to  the  considerable  list  of  other  devices  which  ha\e  been  used  for  this 
and  allied  purposes.  The  following  arrangement  was  constructed. 
A  fine  iron  wire  was  laced  back  and  forth  between  pegs  located  along 
the  opposite  edges  of  a  five-inch  sciuare  opening  in  a  wooden  frame  so 
as  to  screen  the  aperture  with  one  hundred  spans  of  the  wire  all  in 
series,  evenly  spaced,  and  parallel.  A  sheet  of  paper  then  was  ce- 
mented to  the  screen  and  the  two  ends  of  the  wire  were  connected  to 
the  amplifier  input.  This  device  performed  as  a  crude  telephone 
transmitter.  It  was  recognized,  of  course,  that  with  this  simple 
arrangement  the  iron  wire  would  undergo  two  complete  cycles  of  stress 
for  each  complete  cycle  of  the  air  pressure  upon  the  diaphragm,  and 
that  mechanical  bias  or  some  equally  effective  means  would  have  been 
necessary  to  eliminate  this  distortion.  Where  the  vibrating  element 
itself  was  of  magnetic  material,  there  was  the  possibility  of  the  sound 
source  constituting  its  own  transmitter.  For  example,  when  the 
amplifier  input  w^as  connected  between  the  bridge  and  key-head  of  a 
steel-stringed  guitar  the  music  of  this  instrument  was  reproduced 
quite  faithfully  from  the  speaker.  This  was  suggestive  of  the  pos- 
sible use  of  the  effect  in  studying  the  vibrations  and  strains  occurring 
in  steel  structures  such  as  bridges. 
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An  Extension  of  Operational  Calculus 

By  JOHN  R.  CARSON 

THE  Heaviside  operational  calculus  postulates  at  the  outset  that 
the  initial  (boundary)  conditions  at  reference  time  /  =  0  are 
those  of  equilibrium;  that  is  to  say,  the  system  is  at  rest  when  suddenly 
energized  at  time  /  =  0  by  a  "unit"  impressed  force.  By  unit  im- 
pressed force  is  to  be  understood  a  force  which  is  zero  before,  unity 
after,  time  /  =  0. 

In  a  paper  published  in  Volume  7,  1929,  of  the  Philosophical  Maga- 
zine, Van  der  Pol  briefly  indicated  the  appropriate  procedure  for  ex- 
tending the  operational  calculus  to  cover  arbitrary'  initial  conditions. 
The  present  paper  is  an  exposition  of  this  generalization  for  a  system 
of  a  finite  number  of  degrees  of  freedom,  followed  by  an  application  to 
the  differential  equations  of  the  transmission  line.  While  stated  in 
the  language  of  electric  circuit  theory,  it  is  to  be  understood  that  the 
processes  are  generally  applicable  to  a  wide  variety  of  problems. 

We  start  with  the  canonical  equations  for  a  network  of  n  degrees  of 
freedom 

Znll    +  Z12/2    +     •   •   •     +    Zlnln     —    El 

(1) 

Znlll  -\-Zn^h   +     •   •   •     +   Znn^n   =    En 


where 


^'■'  =  (^4  +  ^"+i/_/') 


(2) 


Now  multiply  the  equations  (1)  by  e~p^  throughout  and  integrate 
from  0  to  infinity'.  Also  let  /„  and  F„,  denote  the  Laplace  transforms 
of  Im  and  Em',  thus 

/,„  =    r  /„,e-"'  dt, 

°  (3) 

F,n  -    I     Er„e-p'  dt. 
Jo 

Now  let  /m°  and  Qm^  denote  the  initial  values  (at  time  /  =  0)  of 
/„  and  the  charge  Qm  in  the  mth  mesh;  also  let  us  replace  Zjk-  of  (2)  by 

Zi,  =  pLj,  +  Rik  +  1//>C,A-.  (4) 

340 
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W'c  then  have,  replacing  (I),  the  system  of  algebraic  equations: 

Sii/i  +  Z12J2  +  •  •  •  +  Si„/„  =  Fi  +  Gi, 
(5) 

ZnlJl   +   S„2/2   +     •   •   •     +   Z„nJn    =     Fn   +  G ,.. 

In  these  equations,  G\,  Gi,  ■  •  • ,  G„  denote  the  following  summations: 
Gi  =  Lnli'  -  QiVCnP  +  Lnl2"  -  Q2'IC,,p  +  •  •  • 

(6j 

The  right  hand  sides  of  equations  (5)  are  thus  known  in  terms  of  the 
impressed  forces  and  the  specified  initial  values  of  the  currents  and 
charges.  They  can  therefore  be  solved  in  the  usual  manner  for 
Ju  •  •  • ,  Jn.     Thus 

J.  Fi    ^   Gl      .      F2    +    G2  ,Fn    +    Gn  .-s 

Jm 7 1 7 r  •  ■  •  i         7~       ••  \' ) 

Having  thus  determined  /i,  •••,/„  as  functions  of  p,  h,  •  •  • ,  In  are 
determined  as  functions  of  time  by  the  Laplace  integral  equation: 

Jm{P)  =    r    Im{t)e-'"  dt,         Pr  >  c,  (8) 


Jo 


which  completes  the  formal  solution  of  the  problem.     Note  that  if 
Gi  —  G2  =  ■  '  •  =  G„  =  0,  the  solution  reduces  to  the  usual  form. 

Equations  (6)  for  Gi,  •••,G„,  may  be  written  in  a  compact  and 
elegant  form  as  follows:  Let 

T  =  hllZLjJih, 

1  (9) 

Cjk 

T  is  then  the  kinetic  or  magnetic  energy  stored  in  the  network  and  U 
is  the  corresponding  potential  or  electric  energy.     Then 

The  foregoing  solution  is  compact,  elegant  and  formally  complete. 
In  practical  applications  to  networks  of  many  degrees  of  freedom  it 
may  well  present  formidable  difficulties  in  computation  and  interpre- 
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tation.     This,  however,  is  merely  answerable  to  the  complexity  of  the 
physical  problem,  and  no  simpler  general  solution  can  possibly  exist. 

The  foregoing  method  when  applied  to  the  differential  equations  of 
the  transmission  line,  leads  to  the  following  differential  equations 

(Lp-hR)J  =  -j-^  +  LP, 

(11) 
{Cp  +  G)^  =  -A/+  CV\ 

Here  /  and  ^  are  Laplace  transforms  of  the  current  I  and  voltage  V 
and  /",   V'^  are  the  initial  values  of  /  and  V  at  reference  time  /  =  0. 
/,  <I>,  P,  V^  are  functions  of  x  but  of  course  independent  of  /. 
The  formal  solution  of  equations  (11)  is  as  follows:  write 

Lp  -\-  R  =  Z{p)  =  Z, 

Cp  +  G  =  Y(p)  =  Y,  (12) 


Also 


Then 


[ZY  =  y,         ^ZjY  =  K. 


LP-^lv^  =  Fi.)  =  F. 


i^S) 


A  and  B  are  constants  of  integration  determined  by  the  relations 
between  /  and  $  at  the  physical  terminals  of  the  line. 


Determination  of  the  Corrosion  Behavior  of  Painted  Iron 
and  the  Inhibitive  Action  of  Paints  * 

By  R.  M.  BURNS  and  H.  E.  HARING 

THE  value  of  paints  for  the  protection  of  metal  surfaces  depends 
upon  their  effectiveness  as  physical  barriers  against  the  corrosive 
elements  of  the  surrounding  environment  and  upon  the  electrochemical 
activity  of  the  primer  pigments  in  rendering  the  surfaces  passive. 
Physical  testing  methods  have  been  developed  which  furnish  valuable 
information  concerning  the  quality  and  rate  of  aging  of  paint  films. ' 
There  is,  however,  an  obvious  need  for  dii-ect  methods  of  determining 
the  condition  and  behavior  of  the  metal  surface  beneath  the  paint  film, 
the  rate  of  penetration  of  corrosive  agents  through  the  film,  and 
the  mechanism  of  the  inhibitive  action  afforded  by  the  film.  The 
present  paper  describes  an  electrochemical  method  of  obtaining  this 
information. 

It  is  well  established  that  the  process  of  corrosion  in  the  presence  of 
moisture  is  electrolytic  in  character — that  it  occurs  by  means  of  the 
operation  of  small  galvanic  cells  at  the  surface  of  the  metal.  It  should 
be  possible,  therefore,  to  determine  the  corrosion  behavior  of  a  metal  by 
measuring  the  electrical  characteristics  of  these  individual  corrosion 
cells;  but  the  multiplicity  and  minute  size  of  the  anodic  and  cathodic 
areas  makes  such  measurements  impracticable.  However,  it  is  readily 
possible  to  determine  the  resultant  of  all  of  the  polarized  potentials  of 
the  anodic  and  cathodic  areas  on  the  metal  surface,  and  to  follow  the 
change  in  this  potential  (of  the  electrode  as  a  whole)  with  time.^ 
Experience  in  this  and  other  laboratories  has  demonstrated  that  time- 
potential  curves  obtained  in  this  manner  indicate  the  corrosion 
behavior  of  a  metal  and  the  state  of  its  surface.^  In  general,  it  has 
been  found  that  if  the  potential  of  a  metal  becomes  more  electropositive 
(more  noble)  with  time,  the  formation  of  a  protective  film  and  a 
retardation  or  cessation  of  corrosion  is  taking  place,  while  conversely, 
if  the  potential  becomes  more  negative,  solution  of  a  protective  film  and 
acceleration  of  corrosion  is  indicated. 

*  Digest  of  a  paper  presented  before  the  Spring  Meeting  of  the  Electrochemical 
Society  at  Cincinnati,  Ohio,  April  23-25,  1936,  and  published  subsequently  in  volume 
69  of  its  Transactions. 

1  Schuh,  Ind.  Eng.  Chem.,  23,  1346  (1931). 

2  Burns,  Bell  System  Tech.  Jour.,  15,  20  (1936). 

3  May,  Jour.  Inst.  Met.,  40,  141  (1928);  Bannister  and  Evans,  Jour.  Chem.  Soc. 
(June  1930). 
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The  corrosion  of  iron  can  be  predicted  by  proper  interpretation  of 
such  time-potential  curves.  The  fact  that  the  iron  is  painted  should 
not  alter  this  conclusion,  and  therefore  the  method  has  been  applied  to 
a  study  of  painted  iron  and  primer  pigments. 

The  customary  procedure  for  determining  time-potential  curves  was 
followed  with  the  exception  that  the  potentiometer  ordinarily  employed 
was  replaced  by  a  vacuum  tube  electrometer  when  measurements  were 
made  of  the  potential  of  painted  iron  or  of  iron  in  other  media  of  high 
electrical  resistance.  This  instrument,  slightly  modified  to  take 
advantage  of  certain  improvements  which  have  been  made  in  com- 
pensated single  tube  circuits,  is  described  elsewhere.^ 

Common  usage  has  defined  iron  which  is  corroding  as  "active"  and 
iron  which  is  not  corroding  as  "passive."  In  order  to  obtain  a  back- 
ground of  information  which  might  serve  as  a  guide  in  the  study  of 
painted  iron  and  paint  pigments,  a  series  of  time-potential  curves 
depicting  iron  and  steel  in  the  active  and  passive  states  was  de- 
termined.    The  results  are  shown  in  Fig.  1. 
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Fig.  1 — Time-potential  curves  for  active  and  passive  iron. 

Active  (Corrosion) 

1.  Iron  in  tap- water. 

2.  Iron  inO.OlN  NaCl. 

3.  Uncleaned  iron  in  tap-water. 

Passive  (No  Corrosion) 

4.  Stainless  steel  in  tap-water. 

5.  Iron  in  0.01x\  KjCrjOy. 

6.  Uncleaned  stainless  steel  in  tap-water. 

^  Compton  and  Ilaring,  Trans.  Electrochem.  Soc,  62,  345  (1932);  D.  B.  Penicl:, 
Rev.  Set.  Inst.,  6,  115  (1935)  and  Bell  Laboratories  Record,  14,  74  (1935). 
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It  will  be  noted  that  the  potentials  of  the  test  electrodes  are  initialK' 
quite  similar,  but  diverge  with  time  and  form  two  distinct  groups  of 
curves,  which  ultimately  become  separated  by  about  0.7  volt.  It  was 
observed  that  invariably  electrodes  did  not  corrode  if  their  potentials 
became  more  electropositive  (more  noble)  over  a  long  period  of  time, 
while,  on  the  other  hand,  marked  corrosion  accompanied  a  negative 
trend  of  potential.  A  state  of  equilibrium  was  reached  ultimately  by 
the  passive  electrodes  between  0.25  and  0.30  volt,  and  by  the  active 
electrodes  between  —0.40  and  —0.45  volt. 

Red  oxide  and  red  lead  paints  were  selected  for  study  because 
practical  experience  indicates  that  they  are  representative  of  the  two 
types  of  protective  paint,  viz.,  (1)  those  which  protect  merely  because 
they  serve  as  physical  barriers,  and  (2)  those  which  exert  a  chemical 
inhibiting  action  as  well. 

The  test  electrodes  were  commercial  iron,  of  high  purity,  in  the  form 
of  1/8  inch  rods.  The  pigments  were  technical  grades  of  red  oxide 
(FeaOs)  and  red  lead  (Pba  O4)  of  high  quality.  Raw  linseed  oil  and  a 
lead-cobalt  dryer  were  used  in  the  preparation  of  all  of  the  paints, 
which  were  formulated  and  compounded  in  the  customary  manner. 
Approximately  20  per  cent  of  a  flexible  type  varnish  and  10  per  cent  of 
blown  linseed  oil  w^ere  incorporated  with  raw  linseed  oil  to  form  the 
vehicle  in  one  of  the  red  oxide  paints. 

As  a  rule,  the  primary  purpose  of  a  protective  paint  is  to  shield  iron 
from  the  corrosive  action  of  water  and  water  vapor.  Total  immersion 
is  an  extreme  condition,  but  a  condition  to  which  all  such  paints  are 
frequently  subjected.  For  this  reason,  and  also  in  order  to  speed  up 
possible  reactions  and  save  time,  all  of  the  potential  measurements  on 
painted  iron  recorded  in  this  paper  were  made  on  submerged  specimens. 
Similar  measurements  on  painted  iron  exposed  to  the  atmosphere  are 
equally  possible  and  can  be  made  without  disturbing  service  conditions. 
It  is  planned  to  extend  this  study  to  include  such  measurements. 

The  time-potential  curves  obtained  in  the  study  of  primers  are  pre- 
sented in  Fig.  2.  There  are  included  for  reference  typical  curves  (6  and 
7)  for  iron  in  the  active  and  passive  states,  and  a  curve  (curve  5)  for 
iron  coated  with  a  dried  film  of  linseed  oil.  It  will  be  noted  that  the 
linseed  oil  coated  electrode  behaved  in  much  the  same  manner  as  bare, 
active  iron,  except  that  a  much  longer  time  w^as  required  for  the  po- 
tential changes  to  take  place.  Several  days  elapsed  before  the  po- 
tential reached  the  equilibrium  value  attained  by  bare  iron  in  a  few 
hours,  and  at  this  point  rust  was  clearly  visible. 

The  potential  of  iron  painted  with  red  oxide  primer  (curve  1), 
immediately  after  immersion  in  water,  was  approximately  0.33  volt. 
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Fig.  2 — Time-potential  curves  for  painted  iron  in  water. 

Red  Oxide  Primer 

1.  Linseed  oil  vehicle. 

2.  Linseed  oil  plus  varnish. 

Red  Lead  Primer 

3.  No  visible  pores. 

4.  Visible  pores. 

Reference  Curves 

5.  Dry  linseed  oil  film. 

6.  Iron  in  tap- water. 

7.  Iron  in  O.OIN  KjCrzOr. 

In  other  words,  the  metal  was  passive  initially  and,  judging  from  the 
behavior  of  the  curve,  it  tended  to  remain  so  for  a  period  of  about 
twenty  minutes.  By  the  end  of  this  time,  water  appears  to  have  per- 
meated the  paint  film  in  sufficient  quantity  to  induce  the  active  corro- 
sion indicated  by  the  sharp  drop  in  potential  which  followed.  From 
this  time  on,  the  curve  is  similar  to  that  for  the  linseed  oil  coated 
electrode.  Ultimate  equilibrium  required  a  much  longer  time,  however. 
After  several  days'  immersion,  the  paint  film  was  removed  and  the  iron 
was  found  to  be  corroded.  The  very  gradual  slope  of  the  curves  for 
active  painted  electrodes,  after  their  sharp  breaks  from  the  passive 
region,  may  be  attributed  to  the  action  of  the  films  as  partial  barriers 
to  moisture. 

The  impermeability  of  primers  and  their  adherence  to  iron  are  known 
to  be  increased  by  the  addition  of  varnish.     Accordingly,  red  oxide 
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primer  containing  a  moderate  amount  of  varnish  was  subjected  to  test, 
riie  results  are  represented  by  curve  2  in  Fig.  2. 

This  curve  is  of  especial  significance,  not  only  because  its  character- 
istics are  so  much  more  pronounced  than  those  of  curve  1,  but  ajso 
because  it  furnishes  an  explanation  for  the  divergence  of  results  which 
have  been  obtained  with  red  oxide  primers  in  practice.  The  marked 
increase  in  the  length  of  time  required  for  this  curve  to  pass  through  its 
various  phases  as  compared  to  curve  1,  is  evidence  of  the  water- 
excluding  effect  of  the  added  varnish.  The  period  of  definite  passivity 
has  been  extended  to  at  least  three  times  its  former  length,  and  the 
momentary  halt  in  curve  1  at  approximately  -0.09  volt  has  been 
prolonged  to  an  hour  and  a  half  at  a  slightly  more  positive  potential. 
Curve  2  continues  somewhat  erratically  in  the  active  direction  after 
the  half-way  halt  in  its  course.  E.xamination  of  the  iron  after  several 
days'  immersion  revealed  corrosion.  The  broken  line  represents,  in 
days  rather  than  hours,  the  quite  different  behavior  of  a  duplicate 
specimen,  which  prior  to  this  time  had  acted  similarly  except  for  the 
fact  that  it  had  required  a  somewhat  longer  time  to  pass  through  its 
various  phases.  Apparently  a  slightly  less  permeable  paint  film  made 
it  possible  for  the  corrosive  action  to  be  stifled,  temporarily  at  least. 
Alternations  of  corrosive  attack  and  film  formation  were  observed 
generally  when  iron  corroded  in  contact  with  red  oxide  pigments  and 
primers.  In  a  relatively  dry  atmosphere  there  is  no  doubt  that  iron 
painted  with  red  oxide  is  maintained  in  a  passive  condition,  but  ex- 
posure to  excess  moisture  must  result  eventually  in  active  corrosion. 
Since,  then,  the  protective  value  of  red  oxide  primers  is  dependent 
primarily  upon  their  ability  to  exclude  moisture,  they  must  be  classed 
as  physical  inhibitors  of  corrosion. 

The  corrosion  behavior  of  iron  painted  with  red  lead  is  clearh-  indi- 
cated in  Fig.  2  by  curves  3  and  4.  The  presence  of  a  few  small  pores  or 
imperfections  in  the  paint  film  on  one  of  the  test  electrodes  did  not 
materially  affect  the  results.  The  initial  potentials  were  somewhat 
lower  than  was  the  case  for  red  oxide,  and  the  initial  trend  of  the  curves 
was  in  the  active  direction,  but  a  reversal  soon  took  place  and  the  iron 
became  definitely  and  permanently  passive.  An  equilibrium  potential 
of  approximately  0.25  volt  was  attained.  Inspection  of  the  iron  after 
several  weeks'  immersion  failed  to  reveal  any  sign  of  corrosion. 

Red  lead  primer  continues  to  inhibit  corrosion  even  after  moisture 
has  fully  penetrated  the  film.  On  the  basis  of  its  action,  both  as 
pigment  and  primer,  red  lead  must  be  classed  as  a  chemical  inhibitor  of 
corrosion.  The  reason  for  its  passivating  action  is  a  disputed  question. 
Paint  chemists  have  inclined  to  the  view  that  a  highly  protective  lead 
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soap  is  formed,  bul  ihis  theory  becomes  untenable  in  view  of  evi- 
dence that  red  lead  pigment  alone  passivates  iron  in  much  the  same 
manner  as  red  lead  primer,  and  that  even  water  solutions  of  the  pigment 
have  an  effect.  Other  theories  are  that  the  iron  is  rendered  passive  by 
the  alkalinity  of  the  red  lead,  or  because  it  is  an  oxidizing  agent.  In  all 
probability,  both  of  these  factors  are  involved. 

The  ease  with  which  it  has  been  found  possible  to  make  potential 
measurements  on  painted  iron  with  the  aid  of  the  vacuum  tube  elec- 
trometer, suggests  the  application  of  the  time-potential  method  of 
study  to  the  determination  of  the  corrosion  behavior  of  iron  encased  in 
concrete  or  buried  underground  or  immersed  in  oil  or  other  highly 
resistant  media.  Field  study  would  be  facilitated  by  substitution  of  a 
vacuum  tube  voltmeter  for  the  electrometer. 

The  fact  that  there  is  a  potential  difference  of  at  least  0.5  volt 
between  the  active  and  passive  states  of  iron  suggests  a  rapid  po- 
tentiometric  method  for  the  determination  of  the  permeability  of  all 
types  of  organic  coatings.  The  time-potential  curve  for  an  iron 
electrode  coated  wdth  the  organic  material  and  immersed  in  a  salt 
solution,  for  example,  would  break  sharply  at  the  moment  penetration 
was  attained. 


Abstracts  of  Technical  Articles  from  Bell  System  Sources 

The  Orientation  of  Crystals  in  Silicon  Iron}  Richard  M.  Bozorth. 
X-ray  examination  of  silicon  iron  prepared  by  N.  P.  Goss  shows  that 
the  component  crystals  are  oriented  so  that  a  C^Ol]  direction  is 
parallel  to  the  direction  of  rolling  and  a  (110)  plane  lies  in  the  rolling 
plane.  This  is  contrary  to  the  result  reported  by  Goss  in  his  paper 
"New  Development  in  Electrical  Strip  Steels  Characterized  by  Fine 
Grain  Structure  Approaching  the  Properties  of  a  Single  Crystal," 
published  in  Transactions  of  the  American  Society  for  Metals,  Volume 
13>,  June,  1935,  page  511.  The  differences  in  the  magnetic  properties  in 
different  directions  in  the  sheet  are  explained  in  terms  of  the  properties 
of  the  single  crystals. 

Eddy  Currents  in  Composite  Laminations}  E.  Peterson  and  L.  R. 
Wrathall.  The  familiar  theory  of  eddy  current  shielding  leads  to 
an  expression  for  the  impedance  of  a  ferromagnetic  core  inductance 
coil  in  terms  of  the  initial  permeability  and  resistivity  of  the  core 
material,  the  core  geometry,  and  the  measuring  frequency.  Measure- 
ments on  a  numb&r  of  different  core  materials  over  a  wide  frequency 
range  have  revealed  sizeable  deviations  from  the  theory  in  some  cases. 
The  discrepancies  are  especially  marked  in  some  specimens  of 
chromium  permalloy,  the  measured  inductance  over  a  certain  fre- 
quency range  being  of  the  order  of  one  tenth  that  specified  by  the 
theory. 

It  appears  that  discrepancies  arise  when  the  laminations  are  not 
homogeneous,  a  condition  contrary  to  an  assumption  of  the  simple 
theory.  The  inhomogeneity  takes  the  form  of  a  thin  surface  layer 
which  has  a  permeability  much  less  than  that  of  the  interior.  By 
etching  off  these  surface  layers,  the  initial  permeability  is  increased, 
and  discrepancies  between  the  measured  variations  of  impedance  with 
frequency  and  those  calculated  for  a  homogeneous  sheet  are  removed 
almost  completely. 

The  theory  has  been  extended  to  take  account  of  the  surface  layers, 
and  agrees  well  with  measurements  on  the  original  unetched  lamina- 
tions when  plausible  assumptions  are  made  regarding  the  properties 
of  the  surface  layer. 

'  Transactions,  Amer.  Soc.  for  Metals,  December,  1935. 
^Proc.  I.  R.  E.,  February,  1936. 
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Applications  of  X -Ray  Photography  in  Industrial  Developrtient  Work} 
J.  R.  TowNSEND  and  L.  E.  Abbott.^  The  fundamentals  of  X-ray 
technic  as  applied  in  developmental  work  of  the  telephone  industry 
are  outlined.  A  brief  description  is  presented  of  the  physics  of  X-rays, 
of  the  methods  used  to  produce  usable  X-ray  radiation,  and  of  a 
typical  industrial  X-ray  laboratory.  Results  are  given  of  investiga- 
tions at  the  Bell  Telephone  Laboratories  to  determine  the  sensitivity 
of  X-ray  methods  of  revealing  internal  defects  in  metals.  Numerous 
examples  illustrating  the  application  of  X-rays  in  telephone  work  are 
included,  as  well  as  a  description  of  the  use  of  gamma  rays  for  in- 
dustrial application. 

Principles  of  Measurements  of  Room  Acoustics}  E.  C.  Wente. 
The  acoustic  characteristics  of  a  room  can  in  great  part  be  evaluated 
from  a  knowledge  of  the  rate  with  which  sound  in  the  room  dies  down 
when  emission  from  the  source  ceases.  The  physical  principles  under- 
lying the  relationship  are  briefly  discussed.  It  is  shown  by  specific 
examples  that  w^e  can  obtain  valuable  additional  information  about 
acoustics  of  a  room  by  recording  the  sound  level  at  one  or  more  points 
in  the  room  when  the  frequency  of  the  sound  is  continuously  varied. 

Visual  Accompaniment}  R.  Wolf.  The  principles  of  producing 
"Visual  Accompaniments"  to  musical  renditions  for  the  theater  are 
briefly  described,  as  follows:  (1)  natural  scenes  for  portraying  the 
"musical  mood"  of  the  musical  composition;  (2)  the  changing  and 
blending  of  beautiful  paintings  to  interpret  the  mood,  known  as  the 
Savage  Method;  and  (3)  the  use  of  abstract  color  forms  as  a  means  of 
interpretation.  The  technic  followed  in  applying  the  two  latter 
methods  is  described  in  detail. 

3  Presented  at  the  Fall  1934  mtg.  of  S.  M.  P.  E.,  New  York,  N.  Y.;  published  in 
somewhat  condensed  form  in  Metal  Progress,  February,  1936,  under  the  title  "Some 
Applications  of  X-Rays  to  Industrial  Problems." 

*  Jour.  S.  M.  P.  E.,  February,  1936. 

5  Jour.  S.  M.  P.  £.,  February,  1936. 
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A  Laplacian  Expansion  for  Hermitian-Laplace  Functions  of 

High  Order* 

By  E.  C.  MOLINA 

Among  the  wide  variety  of  practical  and  theoretical  problems  con- 
fronting the  telephone  engineer,  there  is  a  surprisingly  large  number  to 
whose  solution  mathematics  has  made  notable  contribution.  In  his  kit  of 
mathematical  tools  the  theory  of  probability  is  a  frequently  used  and  most 
effective  instrument.  This  theory  of  probability  contains  a  large  number 
of  theorems,  a  large  number  of  functions,  which  permit  of  application  to 
telephony.  Among  these  is  a  particular  tool,  a  particular  group  of  mathe- 
matical functions  known  as  the  "Hermitian  Functions,"  each  of  which  is 
identified  by  a  number  called  its  "order."  These  mathematical  functions 
or  relations  have  no  practical  utility  until  the  variables  in  the  equation  can 
be  assigned  numerical  values  and  the  resultant  numerical  value  of  the 
function  calculated.  Tables  of  the  numerical  values  of  Hermitian  functions 
of  low  order  exist;  for  example.  Glover's  Tables  of  Applied  Mathematics 
cover  the  ground  for  those  of  the  first  eight  orders.  But  tables  for  the 
functions  of  higher  order  are  still  a  desideratum.  This  paper  presents  an 
expansion  by  means  of  which  the  evaluation  of  a  high  order  function  can 
be  readily  accomplished  with  a  considerable  degree  of  accuracy. 

The  development  of  the  expansion  is  prefaced  by  some  remarks  on  the 
early  history  of  the  Hermitian  functions  and  the  relation  of  this  history 
to  modern  theoretical  physics. 

I 

AMONG  contributions  made  by  Laplace  to  the  domain  of  pure  and 
applied  mathematics,  two  of  great  practical  value  are : 

(a)  His  method  of  evaluating  definite  integrals  ^  whose  integrands 

involve  factors  raised  to  high  powers; 

(b)  The  pair  of  orthogonal  polynomial  functions  ^  which  he  defined  by 

the  following  Equations  (1)  and  (2) 

(1)  l{2n)l^[^/2^^n\']Un(u)  =  H  e-'^^x  -  iuY^dx 

*J  —  00 

/^oo 

=  2e"^  I     e-^V"  cos  {2ux)dx\ 

(2)  [(2«  +  l)!VW22"w!]^7„'(w)  =  i        e-^\x  -  iuY^+Hx 

/»00 

=  2e""  1     g-^Vn+i  sin  (2ux)dx. 

*  Presented  at   International  Congress  of   Mathematicians,  Oslo,  Norway,  July 
13-18,  1936. 
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These  polynomial  functions  formed  the  coefficients  in  a  series  sat- 
isfying the  partial  differential  equation 

dr  du        du^ 

to  which  Laplace  reduced  the  solution  of  the  following  ball  problem: ' 

Consider  two  urns  A  and  B  each  containing  n  balls  and  suppose  that  of  the  total 
number  of  balls,  2m,  as  many  are  white  as  black.  Conceive  that  we  draw  simultane- 
ously a  ball  from  each  of  the  urns,  and  that  then  we  place  in  each  urn  the  ball  drawn 
from  the  other.  Suppose  that  we  repeat  this  operation  any  number,  r,  of  times, 
each  time  shaking  well  the  urns  in  order  that  the  balls  be  thoroughly  mixed:  and 
let  us  find  the  probability  that  after  the  r  operations  the  number  of  white  balls  in 
urn  A  be  x. 

Under  the  caption  "The  Statistical  Meaning  of  Irreversibility" 
Lotka  *  has  pointed  out  the  significance  of  Laplace's  ball  problem  in 
the  modern  kinetic  theory  of  matter.  Moreover,  Hostinsky  ^  has 
shown  the  bearing  of  the  same  problem  on  the  theory  of  Brownian 
movements  and  said  "In  effect,  the  partial  differential  equation  ob- 
tained by  Laplace  has  been  refound  by  Smoluchowski." 

To  avoid  confusion  with  the  Laplace  functions  which  one  encounters 
in  spherical  harmonic  analysis,  the  functions  defined  by  Equations  (1) 
and  (2)  are  herein  designated  as  Hermitian-Laplace  functions.  Such 
a  designation  is  justified  by  the  Equations  (3)  and  (4)  derived  in  the 
next  paragraph. 

II 

We  also  find  in  Laplace  ^ 

In{u)*  —    j     e^'^x^"-  COS  {2tix)dx  =  ' 


0 


22"+i       \  du^" 


L:{u)  =    f  e-^V"+^  sin  (2ux)dx  =  ^     ^^     ^  V^i     • 

Comparing  these  Laplacian  expressions  for  the  definite  integrals  I„{u) 
and  /„'(w)  with  the  Equations  (1)  and  (2)  we  see  immediately  that 

(3)  Un{u)    =    (-    l)"[«!/(2«)!]iJ2n(«), 

(4)  t//(«)  =  (-  l)"+i[w!/2(2»  +  l)!]i/2„4-iW, 

where  Hzn  and  H2n+i  are  the  original  Hermite  polynomials^  of  order 
2«  and  2n  +  1,  respectively.     These  equations  connecting  the  Her- 

*  The  symbols  In{n)  and  In'{u)  are  introduced  here  as  convenient  abbreviations 
for  the  integrals  to  which  they  are  equated;  these  symbols  do  not  appear  in  Laplace. 
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mite  with  the  Laplace  polynomials  have  been  presented  in  an  earlier 
paper.  * 

Appell  and  Feriet,  Arne  Fisher,  T.  C.  Fry,  H.  L.  Rietz  and  others 
base  their  definitions  of  the  Hermite  polynomials  on  e"^^/^  instead  of 
6"=^^.  We  shall  write  A„(u)  for  the  «th  polynomial  as  defined  by  these 
authors,  reserving  Ilniii)  to  symbolize  the  Hermitian  polynomial  as 
defined  in  his  paper  of  1864.     Thus,  in  what  follows, 

Au{x)  =  (-  l)"e-/2(<ine-x2/2/^^„)^         /^^(^)  =  (_  iV2)M„(MAr 

III 

Laplacian  expansions  *  for  the  U,  H,  and  A  polynomials  follow 
immediately  from  those  obtainable  by  applying  to  the  integrals  /„(«) 
and  In{u)  his  method  of  evaluating  definite  integrals  whose  integrands 
embrace  factors  raised  to  high  powers.  As  will  be  shown  in  Part  IV 
of  this  paper,  we  have 

In{u)|l-fK{Y^[Ny]  =  [5 cos  (mV27V)]  +  [5'  sin  (uyjlNJi,  N  =  2n, 
V(w)/[V7r(FViV)^]  =  [5 sin  {u\'2N)2  -  IS'  cos  {u-ilN'},  N  =2n  +  \, 
where  Y  =  (.rg-^^)  for  x  =  X  =  Xj^ll  and 

The  explicit  expressions  for  Kq,  Ko,  Ki  and  K\,  K3,  K^  are  given  in 
Section  V  of  this  paper.  The  desired  expansions  are  then  given  by 
the  equations: 

e-/„(M)/V^  -  Z7„(«)[(2«)!/22»+i«!] 

=  7/2.(«)[(-  l)"/2'"+^] 

=    ^2n(wV2)[(-    l)"/2"+a 

e"V„'(«)/V^=  Un'{u)  liln  +  l)!/22"+i«!] 

=  ^2«+i(wV2)[(-  l)»/2"+'>/2]. 

The  numerical  results  shown  below  in  Table  I  indicate  the  efficacy 

*  It  may  be  of  interest  to  compare  the  expansions  presented  in  this  paper  with 
the  asymptotic  forms  of  the  Hermite  functions  given  by  N.  Schwid*  and  by  M. 
Plancherel  and  M.  Rotach.'" 
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TABLE   I 


to 


15 


20 


uV2 


0.1 
0.5 
1 
2 

3 
4 

0.1 

0.5 

1 

2 

3 

4 

0.1 

0.5 

1 

2 

3 

4 

0.1 
0.5 
I 

2 
3 

4 


\.An 

(X)  -Aj^(x)]IA 

AfW 

True  Value  of  A.  xtix) 

s  =   1 

s  =2 

s  =  3 

9.32438  X  101 

0.0089 

0.0000 

0.0000 

3.26533  X  102 

0.0084 

0.0001 

0.0000 

2.80000  X  10' 

0.0263 

-  0.0010 

-  0.0002 

-  1.90000  X  10-^ 

0.0002 

0.0018 

0.0001 

1.62000  X  10' 

-  0.0474 

-  0.0027 

0.0002 

-  1.74680  X  10^ 

-  0.0283 

-  0.0082 

-  0.0027 

-  8.98064  X  10= 

0.0084 

-  0.0001 

0.0000 

4.90439  X  101 

-  0.0027 

0.0013 

0.0000 

1.21600  X  W 

0.0046 

0.0003 

0.0000 

-  2.62100  X  10' 

-  0.0147 

0.0002 

0.0001 

9.50400  X  10' 

-  0.0436 

-  0.0044 

-  0.0004 

-  5.18090  X  10^ 

0.0445 

0.0013 

-  0.0018 

-  1.98001  X  10^ 

0.0054 

0.0000 

0.0000 

-  5.05845  X  105 

0.0052 

0.0000 

0.0000 

4.69456  X  10^ 

0.0022 

0.0002 

0.0000 

-  1.41980  X  106 

-  0.0102 

0.0000 

0.0000 

4.38955  X  10" 

-  0.0284 

-  0.0017 

-  0.0001 

-  1.85644  X  10^ 

-  0.0338 

-  0.0041 

-  0.0006 

5.90233  X  108 

0.0042 

0.0000 

0.0000 

-  4.45178  X  108 

0.0035 

0.0000 

0.0000 

-  1.61935  X  108 

0.0046 

0.0000 

0.0000 

-  1.62882  X  10^ 

-  0.0081 

0.0000 

0.0000 

4.60718  X  10' 

-  0.0212 

-  0.0009 

0.0000 

8.53219  X  10^ 

0.1241 

0.0068 

0.0000 

of  the  Laplacian  expansion  as  applied  to  the  evaluation  of  An(x), 
X  =  wV2,  for  values  of  x  ranging  from  0.1  to  4  and  for  A^  =  9,  15,  10 
and  20,  respectively. 

Designating  by  sAwix)  the  approximate  value  obtained  for  Ax{x) 
when  one  takes  into  account  the  first  5  terms  in  each  of  the  two  series 
S,  S',  the  last  three  columns  of  the  table  show  the  proportional  errors 
incurred  when  5  =  1,2  and  3,  respectively.  It  will  be  noted  that  for 
iV  =  10  and  x  —  4  the  second  approximation  is  closer  than  the  third; 
this  situation  will  occasion  no  surprise  if  it  is  recalled  that  to  obtain 
the  best  results  the  natural  order  of  the  terms  may  have  to  be  altered 
when,  for  example,  one  expresses  a  term  of  the  binomial  expansion  in 
a  series  of  Hermite  functions. 

For  the  convenience  of  one  who  wishes  to  calculate  ^iv(^)  for  values 
of  A^  other  than  9,  10,  15  and  20,  there  are  given  in  Table  II  the  values 
of  M~('"+^'iiC„  for  m  =  0,  1,  2,  3,  4,  5  and  those  values  of  u  covered  by 
Table  I. 

I  am  indebted  to  Miss  E.  V.  Wyckoff  of  Bell  Telephone  Labora- 
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tories,  for  the  computations  involved  in  the  preparations  of  Tables  I 

and  II. 

TABLE   II 


«V2 

M-'/Co 

M-»Kj 

u-f-Ki 

0.1 

0.5 

1 

2 

3 

4 

0.7053412 

0.6642654 

0.5506953 

0.2601300 

0.07452849 

0.01295111 

0.234229 
0.198970 
0.0936947 

-  0.158968 

-  0.121885 
0.0244632 

0.034490 

-  0.069716 

-  0.273541 
-0.018172 

0.514828 

-  0.078479 

u-^Ki 

u-*Ks 

u-*Ki 

0.1 
0.5 

1 
2 
3 
4 

-  0.03520828 

-  0.1591469 

-  0.2294564 
-0.08671002 

0.05589638 
0.04317037 

0.00602953 
0.0450683 
0.150921 
0.255634 

-  0.104689 

-  0.162097 

0.091905 

0.40870 

0.48658 

-  0.78050 

-  0.35023 
0.98512 

IV 

A  simple  change  of  variable  gives 

(5)  /„(m)  =  {4N)^+^        {e-'^'^xY  cos  {x2u^N)dx,         N  =  2n, 

Jo 

(6)  I„'(u)  =  {4NY+^        {e--''xY'  sm  {x2u4N)dx,         N  =  2n  +  \. 

Jo 

Set  y(x)  =  e-^lr,  and  note  that  dy/dx  =  0  for  jc  =  X  =  l|^[2'.     Now  set 
Y  =  y{X), 

lg{x)J=  {\ogY-\ogy)Kx-Xy 
1 


X' 


{'^Hi'^r-im'^-i 


(7),     t=  (x-  X)g{x). 
These  transformations  give 


e-''''\dxldt)  cos  (x2Hy[N)dL 

■00 

By  (7)  and  the  Lagrange-Laplace  expansion  for  a  function  of  x  in 
powers  of  t  we  obtain 

Xoo 
6-A^'-[/2M2,„/(2/;/)!>// 
00 
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or 

I,,{u)|^[^{Y4NY  =  ±  (l/2ViV)2'"(^2^/m!), 

<•  OT=0 

where,  writing  D  for  the  differential  operator  d/dx, 

Aim  ^  [/)^2mg-(2m+i)  cos  {x2u^fN)^^^x 
or,  by  the  Leibnitz  theorem  for  the  product  of  two  functions, 

A2m  =  L  (^^)(2u4Ny  COS  (u^2N  +  r7r/2)[i).2.,-.^-(2.+i)-]^^^ 

and,  therefore, 

^  =  cos  (W2iV)  £  (^27) ' "  '''';^^^^"  [J,'-^-,-"-^"]„.v 

-  sin  (urn)  £(2,^!ri)''"^^"if^"'  [^.--'r--].-.. 

on  separating  the  even  and  odd  terms  in  r.     Now  setting  w  —  r  =  5 
and  summing  with  reference  to  5  and  r,  instead  of  m  and  r,  gives 

=  COS  („V2iV)  L  (2  v]v)  Ml  So  "WT-  (7+7)-! 

X  [5...,-<.«.«,]„,  -  sin  (WSV)  E  (^)"""  (27^ 

"     (2r  +  25)!  (—    1)'"Z<^''+^  p        2«-lp-(2r+2s+l)-|      ^ 

But,  writing  w/g  =  z^,  we  have 

i-oV      (20!      ){r  +  s)\^-^^^  J 


=    (-    l)»M-(2s+l) 


h    {r  +  s)\         (2r)! 

00      C_    iy+»j,2r+2j 


,fo      (r  +  5)! 

=    (-    l)-/^-(2»+l)[;i)^2,^2.+l_p^2.g-v2-j^ 

since  D-^'v^"^  =  0  for  m  less  than  5. 
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Therefore,  finally, 


r/)^2«-lg-(2r+2s+l)l 


o4tb = ~^  ("^2^'  Uiy)"  c«-"-"'^'j(-  ')■ 


where 


(25  -  l)!ii:2.-i  =  \:D,'^-'v'^e-^'H2s-i(v)2.=x. 


Substituting  sin  (x2u-y[N)  for  cos  {xlw^N)  in  the  equations  defining 
Aim  and  then  proceeding  exactly  as  above  we  derive  the  corresponding 
expansion  for  In'{u). 

V 

To  obtain  the  values  of  K^a  and  i^2s-i  note  that 

Xg^=\-  {x-  X)/3X  +  (x  -  X)V4X2  -  {x-  Xf/SX-'  H 

gives,  for  a;  =  X  =  1/V2, 


g=  V2, 

(Zg/c?x  ==  —  1/3, 

d^g/dx^  =  (4V2)/9, 

d'g/dx^  =  -  88/45, 

^V^x^  =  (824V2)/135, 

d'g/dx^  =  -  28184/567, 


V  =  (1/V2)m, 
(/t'/c?:)i(;  =  (1/6)m, 

c?V^x'  =  -  (1/3\^)m, 
<^Vrfjc»  =  (53/90)m, 

<iV<fx4  =  -  (211V2/135)m, 
d'v/dx''  =  (79/7)u, 


etc. 
Therefore 


36V2(w-3J^2)  =  e-^^'^Cw^  -  6w^  -  Qm^  ^  12), 
7776V2(M-5i^4)  -  e-^"^(M^2  _  i2i/io  -  183.6««  +  1432.8«« 


+  2889m^  -  10368^2  +  432),  etc. 


6(u-'Ki)  =  we-5"'(M2  _  3)^ 
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648(M-'»i^3)  =  M€-5"^(«8  -  9^6  _  59.4^4  _^  279^^  _^  54)^ 
23?,2m{u-^K-:)  =ue-^"\u''  -  ISw'^  _  414^10  4.  4494^^ 

+  25152.4m«  -  168723^4  -  119340^2  +  304560). 
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The  Relation  Between  Penetration  and  Decay 
in  Creosoted  Southern  Pine  Poles 

By  R.  H.  COLLEY  and  C.  H.  AM  ADO  N 

Poor  penetration  of  the  non-durable  sapwood  is  the  most  important 
factor  in  the  decay  of  creosoted  southern  pine  poles.  Over  3000  such  poles 
that  had  been  treated  with  coal  tar  creosotes  of  varying  types  at  thirteen 
creosoting  plants  in  the  South  have  been  critically  inspected  to  determine 
when  and  where  decay  started.  The  poles  had  been  in  line  from  five  to 
twenty-six  years  under  widely  diverse  climatic  conditions  in  scattered 
localities  east  of  the  Mississippi  River.  Ninety-five  per  cent  of  the  failures 
were  poles  in  which  the  creosote  had  penetrated  less  than  1.8  inches  and  60 
percent  of  the  sapwood  thickness.  No  failures  were  found  in  poles  that  had 
Ijeen  penetrated  more  than  2.1  inches  and  75  per  cent  of  the  sapwood 
thickness.  The  current  Bell  System  treating  specifications  require  a 
penetration  of  2.5  inches  or  85  per  cent  of  the  sapwood  thickness.  The 
hazard  of  failure  by  decay  during  the  ordinary  service  life  of  a  line  is  reduced 
to  a  practical  minimum  in  poles  produced  under  these  specifications. 

Introduction 
^  I  ^HE  creosoted  southern  pine  pole  has  been  justly  regarded  as  a 
-*-  long-lived  unit  of  plant  equipment.  However,  there  have  been 
enough  instances  of  failure  by  internal  decay  during  the  first  few 
years  in  line  to  focus  attention  on  the  poorer  poles  and  to  raise  questions 
about  the  quality  and  probable  length  of  service  of  creosoted  poles  in 
general.  The  data  presented  in  this  paper  were  obtained  in  the 
course  of  an  investigation  to  determine  how,  when,  and  where  decay 
starts  in  creosoted  southern  pine  poles  in  line,  and  what  proportion  of 
the  poles  are  decaying  after  different  periods  of  service.  The  results 
of  the  study  are  of  particular  significance  as  a  basis  for  engineering 
the  treatment  of  poles  in  a  satisfactory  and  economic  manner. 

General  Conclusions  About  Decay  in  Poles  in  Line 
In  the  sections  of  the  lines  that  were  inspected  the  incidence  of 
decay  was  definitely  correlated  with  the  depth  of  penetration  of  the 
creosote  and  the  per  cent  of  sapwood  penetrated. 

When  all  of  the  3102  inspected  poles  of  all  ages  up  to  26  years  were 
taken  together: 

(a)  There  were  62  failures,  all  of  which  had  penetration  less  than  2.1 

inches  and  75  per  cent  of  the  sapwood  thickness;  and  the  62 

failures  were  2.00  per  cent  of  the  total  poles  inspected;  and 

(6)  Of  these  failures  59,  or  95.16  per  cent,  had  penetration  less  than 

1.8  inches  and  60  per  cent  of  the  sapwood  thickness. 

All  the  field  evidence  indicates  that  the  inspected  poles,  when  the 

sapwood  had  been  well   penetrated  with  creosote,  were   practically 

immune  to  destruction  by  wood-destroying  fungi  for  a  long  time.     It 
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is  equally  clear  that  if  early  failures  in  line  and  consequent  replacement 
charges  are  to  be  reduced  to  a  practical  minimum  it  is  essential  to 
inspect  the  treated  poles  closely  and  to  eliminate  the  poorly  treated 
ones  before  they  are  shipped  to  the  Telephone  Companies. 

The  Inspected  Lines 
The  selection  of  the  lines  to  be  inspected  was  based  largely  on 
geographical  location  without  prior  knowledge  of  the  condition  of 
the  poles.  An  attempt  was  made  to  get  as  wide  a  distribution  as 
possible.  The  lines  were  located  in  Florida;  in  the  Piedmont  section 
of  North  Carolina  and  South  Carolina;  in  the  Appalachian  foothills 
and  mountains  of  Tennessee,  North  Carolina  and  Virginia;  in  the 
Lake  States  region  in  Illinois,  Wisconsin  and  Michigan ;  and  in  northern 
New  Jersey.  Sections  of  the  chosen  lines  contained  from  100  to  200 
or  more  poles  that  had  been  set  consecutively  in  one  year.  Old  records, 
plus  identifying  marks  placed  on  these  poles  when  they  were  treated, 
made  it  possible  to  determine  the  supplier  of  the  poles  and  the  type 
of  creosote  used  in  treatment. 

Method  of  Inspection 

External  decay  is  relatively  rare  in  creosoted  southern  pine  poles, 

so  the  inspection  methods  employed  were  directed  particularly  at 

finding  internal  decay.     The  latter  occurs  as  a  result  of  infection  by 

water  or  air-borne  spores  that  probably  enter  through  checks  or  cracks 


■^^^tC.' 


Fig.  1 — Cross-sections  of  poles  which  failed  because  of  decay  that  developed  in  the 
internal  untreated  sapwood. 
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Fijr.  2— The  increment  borer.  The  central  figure  shows  the  borer  assembled. 
At  the  left  are  the  extractor,  the  hollow  boring  tube,  and  the  handle.  Four  increment 
borer  cores  are  shown  at  the  right. 

and  find  favorable  conditions  for  growth  in  untreated,  non-durable 
sapwood  lying  beneath  the  treated  outer  layers  of  wood.  Cross  sec- 
tions of  poles  showing  internal  decay  of  the  untreated  sapwood  are 
shown  in  Fig  1. 

A  systematic  inspection  of  3102  poles  in  the  selected  lines  was  made 
by  one  of  the  authors,  Mr.  C.  H.  Amadon.  The  possible  variances 
that  might  arise  from  different  personal  methods  and  interpretations 
were  therefore  minimized  as  far  as  practicable.  Each  pole  was  first 
tested  by  sounding  with  a  hammer  or  a  hatchet.  When  the  hammer 
blows  produced  a  dull  lifeless  tone,  suggesting  a  hollow  or  decaying 
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pole,  the  suspected  region  was  explored  with  an  increment  borer. 
This  tool,  which  is  shown  in  Fig.  2,  is  designed  to  remove  a  core  of 
wood  0.2  inch  in  diameter.  The  increment  borer  cores  were  examined 
to  determine  the  condition  of  the  wood.  The  depth  of  penetration  of 
the  creosote,  the  thickness  of  sapwood,  or  the  thickness  of  sound 
shell  overlying  the  decay,  were  measured  on  each  core  if  there  was  any 
internal  decay  present.  In  each  decaying  pole  the  shallowest  pene- 
tration was  recorded.  Knots,  knot  holes  and  woodpecker  holes,  scars 
and  other  surface  irregularities  or  injuries  were  examined  to  determine 
their  possible  association  with  the  internal  decay.  If  the  pole  was 
sound,  a  single  increment  borer  core  was  taken  at  about  4.5  feet  from 
the  ground  for  measurement  of  penetration  and  thickness  of  sapwood. 

Results 

The  results  of  the  investigation  are  summarized  in  Tables  I  and  II 
and  in  Figs.  3  to  9. 

Figs.  3  to  7 — Creosoted  southern  pine  poles:  Depth  of  penetration  and  per  cent 
of  sapwood  penetrated  in  relation  to  decay  in  twelve-pound  full  cell  poles  in  line. 
Key:  Hollow  dot  indicates  decaying  pole;  solid  dot  indicates  pole  failed  because 

of  decay;  cross  indicates  heartwood  decay  or  slight  external  decay  below 

ground  line. 
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Fig.  4—199  poles  in  Lynchburg-Savannah  line.     Age  12  years. 
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Fig.  6 — 237  poles  in  Jacksonville-Key  West  line.     Age  19  years. 
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Fig.  7 — -116  poles  in  New  York-Scranton  line.     Age  26  years. 
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soted  southern  pine  poles  in  line. 


2.5 
0 


/ 

\ 

/ 

l\ 

/ 

j     \     ALL  POLES 
1      \           (1675) 

/ 

1       \ 

i 

u.       1            > 
O<0  1 

\ 

<Q. 

\ 

/ 

>-l  1 

\ 

/ 

1             (0  -  I 

\ 

/ 

/ 

!       < 

1        a. 
1        ^ 
I        >, 

<  1 

^1 

\ 

> 

/ 

r>TT77 

^/77*777// 

Q-l    p^ 

ILURES 

>(62) 

-^ 



2.0        2.5        3.0        3.5       4.0         4.5        5.0 
SAPWOOD  THICKNESS  IN   INCHES 


Fig.  9 — Frequency  curves  for  sapwood  thickness  in  relation  to  failure  from 
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Table  I  is  a  summary  of  the  data  on  locality,  age,  creosote  penetra- 
tion, and  incidence  of  decay  for  3102  telephone  poles  in  line  in  the 
eastern  part  of  the  United  States.  The  pole  groups  are  based  on 
years  in  service  and  geographic  settings. 

Figures  3  to  7  are  records  of  the  penetration  and  the  condition  of 
each  of  the  3102  poles  at  the  time  they  were  inspected.  Five  age 
groups  are  represented,  from  7.7  years  to  26  years,  respectively. 
These  records  are  graphic  illustrations  of  the  fact  that  the  failed  poles 
and  the  decaying  poles  had  poor  penetration.  Each  solid  dot  repre- 
sents a  single  pole  failure,  and  each  hollow  dot  represents  a  single 
infected  pole.  For  example,  in  Fig.  3  for  poles  in  line  ten  years  or  less, 
the  figures  and  symbols  in  the  0.8  inch  and  25  per  cent  block  mean 
that  there  were  five  poles  having  penetration  0.8  inch  and  25  per  cent 
of  the  sapwood  thickness ;  and  of  these  five  poles  two  were  sound  and 
three  were  so  badly  deteriorated  that  they  had  to  be  removed. 
Similarly  in  the  0.7  inch  and  25  percent  block,  two  of  the  three  poles 
were  failures  and  one  was  infected. 

The  crosses  in  the  100  per  cent  line  indicate  poles  with  a  little  heart- 
wood  decay  or  with  slight  external  decay  at  the  ground  line. 

The  broken  lines  in  Figs.  3  to  7  delimit  the  individual  data  for  poles 
having  penetration  less  than  1.8  inches  and  60  per  cent  of  the  sapwood 
thickness,  and  less  than  2.5  inches  and  85  per  cent  of  the  sapwood 
thickness,  respectively.  The  latter  is  the  minimum  penetration 
called  for  in  current  American  Telephone  and  Telegraph  Company's 
specifications  for  creosoted  southern  pine  poles. 

The  abscissa  in  each  of  the  five  figures  has  been  warped  beyond  2.4 
inches  in  order  to  condense  the  charts  to  reasonable  proportions  for 
reproduction.  Complete  data  on  the  range  in  penetration  for  the  five 
age  groups  are  shown  in  the  form  of  frequency  cur\'es  in  Fig.  8.  The 
15-year  sample  from  the  Petersburg,  Virginia-Denmark,  South  Caro- 
lina, line  obviously  has  the  poorest  penetration  of  the  five  groups.  It 
also  had  the  highest  per  cent  of  pole  failures,  as  shown  by  Table  II. 

Table  II  is  a  summary  of  the  number  and  per  cent  of  the  3102  poles 
in  which  the  sapwood  had  been  penetrated  less  than  (o)  1.8  inches  and 
60  per  cent,  (b)  2.5  inches  and  85  per  cent,  (c)  3  inches  and  90  per  cent, 
and  {d)  3.5  inches  and  90  per  cent;  and  it  also  shows  the  per  cent 
of  poles  with  100  per  cent  sapwood  penetration,  as  well  as  the  pene- 
tration in  the  poles  that  failed. 

Table  III  contains  typical  analyses  of  creosote  used  in  treating  the 
poles. 
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Discussion  and  Interpretation  of  Results 

In  reading:  the  following  discussion  and  interpretation  of  results  it 
should  be  remembered: 

(1)  That  the  poles  came  from  representative  areas  of  the  pine  forest 

and  from  representative  treating  plants  of  the  South ; 

(2)  That  all  of  the  poles  inspected  were  treated  in  accordance  with 

the  process  specifications  covering  a  full-cell  treatment  and 
calling  for  a  net  retention  of  at  least  12  pounds  of  creosote 
per  cubic  foot  of  wood  in  the  charge ;  but  related  studies  indicate 
that  the  retention  in  individual  poles  probably  varied  from 
less  than  2  to  more  than  20  pounds  per  cubic  foot; 

(3)  That  the  poles  were  accepted  if  the  treating  process   and   the 

quantity  of  oil  used  conformed  to  the  specifications; 

(4)  That  there  was  no  required  inspection  at  the  time  the  poles  were 

creosoted  to  determine  the  results  of  treatment  in  terms  of 
penetration  and  distribution  of  the  creosote  in  the  poles;  and 

(5)  That  every  pole  inspected  in  the  line  was  the  original  pole  placed 

in  the  respective  year  designated. 

The  evidence  from  the  field  data  showed  poor  penetration  to  be 
by  far  the  most  important  cause  of  fungous  infection  and  failure  by 
decay.  As  a  matter  of  fact,  the  effect,  if  any,  of  geographical  location 
or  of  the  type  of  creosote  used  was  completely  masked  by  the  pene- 
tration factor. 

On  account  of  the  wide  geographical  distribution  of  lines  it  was 
expected  that  the  effect  of  any  definite  climatic  and  meteorological 
influences  on  the  occurrence  of  decay  would  be  apparent.  It  might 
be  expected,  for  example,  that  poles  set  along  the  warm,  moist  Florida 
east  coast  would  be  more  vulnerable  than  poles  located  in  the  drier 
north  temperate  regions.  However,  the  data  in  Table  I  for  poles  in 
line  10  years  or  less  are  not  conclusive  as  to  the  effect  that  geographical 
location  may  have  on  the  incidence  of  decay. 

The  creosotes  used  conformed  as  a  whole,  or  in  their  most  important 
characteristics,  to  the  specifications  in  effect  at  the  time  the  poles  were 
treated;  but  there  was  a  fairly  wide  divergence  in  gross  chemical 
characteristics  of  the  oils  because  of  differences  in  the  raw  coal  tar  and 
in  the  methods  of  distilling  the  tar.  Table  I  includes  data  on  the  kinds 
of  creosote  used,  indicated  by  the  fraction  not  distilling  above  350°  C. 
or  360°  C.  The  data  are  taken  to  mean  that  as  far  as  internal  sap- 
wood  decay  is  concerned,  the  type  of  coal  tar  creosote,  provided  it  is  a 
true  distillate  of  coal  tar  and  that  it  conforms  to  the  specifications,  is 
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less  important  than  the  thoroughness  with  which   it  is  distributed 
throughout  the  non-durable  sapwood  of  the  poles. 

The  overall  summary  in  Table  I  for  the  2393  poles  in  line  10  years 
or  less  shows  average  values  for  penetration  in  sound  poles  and  in  poles 
with  internal  sapwood  decay.  The  summary  suggests  the  existence 
of  the  very  important  relationship  between  penetration  and  decay 
that  is  definitely  shown  in  detail  in  Fig.  3.  All  of  the  internally  de- 
caying poles  shown  in  this  figure  had  penetration  less  than  2.3  inches 
and  70  per  cent  of  the  sapwood  thickness.  Furthermore,  all  except 
six  of  these  decaying  poles  and  all  except  one  of  the  poles  that  failed 
had  penetration  less  than  1.8  inches  and  60  per  cent  of  the  sapwood 
thickness.  The  group  defined  by  the  latter  figures  may  be  considered 
as  the  "risk  group,"  i.e.,  poles  which  by  reason  of  poor  penetration 
may  become  infected  with  wood-destroying  fungi  within  10  years. 
The  286  poles  in  this  group  in  Fig.  3  were  11.9  per  cent  of  the  2393 
inspected  poles  that  had  been  in  line  10  years  or  less.  The  poles 
making  up  this  11.9  per  cent  were  possible  early  failures,  but  the  in- 
spection revealed  that  only  63  of  them,  or  22.2  per  cent,  had  actually 
begun  to  decay.  Of  these  63  poles  with  internal  sapwood  decay  only 
35,  or  55.5  per  cent,  failed  in  service.  The  distinction  between  in- 
fection and  failure  is  important.  In  terms  of  the  whole  2393  poles 
2.6  per  cent  were  infected  with  internal  decay  and  only  1.4  per  cent 
failed. 

The  external  decay  at  the  ground  line  indicated  in  Figs.  3,  4,  and  5 
apparently  did  not  exceed  one  half  inch  in  depth.  It  was  typical  of 
the  superficial  rot  usually  found  after  the  ground  line  of  a  pole  has  been 
raised  following  a  few  years  of  service.  During  these  years  the  creosote 
in  the  exposed  outer  layers  of  the  wood  is  depleted,  and  the  favorable 
moisture  conditions  at  the  new  ground  line  facilitate  fungous  infection 
of  the  poorly  protected  wood. 

Another  group  of  poles  somewhat  above  the  risk  poles  in  quality 
may  be  defined  as  having  penetration  more  than  1.8  inches  and  60 
per  cent  but  less  than  2.5  inches  and  85  per  cent  of  the  sapwood 
thickness.  Some  of  these  poles  are  subject  to  infection  prior  to  the 
fifteenth  year.  The  data  in  Figs.  3,  4,  and  5  show  that  decay  developed 
in  11,  or  2.98  per  cent,  of  the  poles  in  this  group,  and  that  only  1,  or 
0.27  per  cent,  failed  in  service. 

The  data  in  Figs.  6  and  7  and  in  Table  II,  show  in  a  striking  way 
the  stability  of  the  line  when  the  per  cent  of  poles  having  penetration 
greater  than  2.5  inches  or  85  per  cent  of  the  sapwood  thickness  is 
relatively  large.  Not  a  single  pole  in  this  group  in  the  sample  from  the 
19-year  old  line  (Fig.  6)  showed  any  indication  of  internal  sapwood 
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decay;  and  in  this  group  in  the  sample  from  the  26-year  old  line  (Fig.  7) 
decay  developed  in  only  6,  or  8.1  per  cent,  of  the  poles.  Moreover, 
none  of  these  decaying  poles  at  the  26-year  age  had  deteriorated  far 
enough  to  require  removal. 

There  is  no  evidence  in  the  data  warranting  discrimination  against 
thin  sapwood  poles  because  of  possible  extra  decay  hazard.  The 
average  sapwood  thickness  for  all  the  inspected  poles  with  penetration 
less  than  2.5  inches  was  2.52  inches,  and  the  average  sapwood  thickness 
for  the  poles  that  failed  was  3.19  inches.  Only  34  per  cent,  on  the 
average,  of  the  sapwood  thickness  was  penetrated  in  the  poles  that 
failed.  When  the  distribution  of  the  sapwood  thicknesses  of  all  the 
poles  with  penetration  less  than  2.5  inches,  and  the  distribution  of  the 
sapwood  thicknesses  of  the  poles  that  failed,  are  plotted  as  in  Fig.  9 
there  is  a  clear  indication  that  serious  interior  decay  is  more  likely 
to  occur  in  the  poorly  treated  thicker  sapwood  poles  than  in  the  thinner 
sapwood  poles. 

The  results  of  the  study  of  actual  conditions  in  line  provide  a  means 
for  evaluating  the  practical  effect  of  the  current  specifications  for 
creosoting  southern  pine  poles.  The  purpose  of  the  specifications  is 
to  keep  the  number  of  well  penetrated  poles  as  high  as  commercial 
production  will  permit,  and  to  eliminate  practically  all  of  the  poorly 
penetrated  poles  at  the  source  of  supply.  The  hazard  of  failure  by 
decay  in  poles  produced  under  the  specifications  appears  to  be  reduced 
to  an  economic  minimum. 


Tandem  Operation  in  the  Bell  System 

By  F.  M.  BRONSON 

Tandem  operation  is  becoming  of  increasing  importance  in  the  Bell 
System.  The  operating  and  service  features  of  the  different  types,  and  the 
conditions  under  which  each  type  is  used,  are  outlined.  Charts  are  included 
showing,  schematically,  typical  trunking  arrangements  in  the  various 
systems.  The  increasing  use  of  tandem  operation  on  traffic  handled  at  toll 
boards  is  discussed. 

THERE  are  14,000,000  telephones  in  the  Bell  System,  served  from 
6,800  central  offices.  Means  must  be  provided  to  permit  any 
one  of  these  telephones  to  be  connected  to  any  of  the  others.  There- 
fore, facilities  must  be  provided  for  interconnecting  all  of  the  6,800 
central  offices.  Obviously  it  would  be  impracticable  to  provide  direct 
circuits  from  each  central  office  to  all  of  the  others;  this  would  require 
[iV  X  (iV  —  l)/2],  or  more  than  23  million,  groups  of  two-way  cir- 
cuits, most  of  which  would  carry  little  or  no  traffic.  To  keep  the  num- 
ber of  circuit  groups  within  reasonable  limits  and  to  obtain  reasonable 
circuit  efficiency,  direct  circuits  are  provided  only  between  offices  hav- 
ing a  sufficient  community  of  interest  to  justify  them.  Connections 
between  the  others  are  obtained,  as  required,  through  switching  opera- 
tions performed  at  one  or  more  intermediate  points. 

The  14,000,000  telephones  referred  to  originate  75.000,000  daily 
calls,  the  great  bulk  of  which,  of  course,  are  local  calls  dialed  direct 
by  customers  or  handled  at  local  manual  switchboards.  There  are, 
however,  about  1,500,000  short  haul  station-to-station  toll  calls  which, 
because  of  the  close  community  of  interest  between  the  cities  involved, 
are  also  handled  by  local  operators  by  methods  essentially  similar  to 
those  used  on  local  calls.  Obviously,  these  are  largely  concentrated 
in  sections  of  the  country  having  greatest  population  densities,  such 
as  in  the  New  York  City,  Boston,  and  San  Francisco  metropolitan 
areas. 

To  facilitate  the  interconnection  of  central  offices  in  areas  having 
large  volumes  of  local  and  short  haul  toll  traffic,  switching  arrange- 
ments designed  particularly  for  this  purpose  are  frequently  provided. 
These  are  known  as  tandem  arrangements  and,  for  the  purpose  of  this 
paper,  may  be  more  specifically  defined  as  facilities  for  the  inter- 
mediate switching  of  traffic  between  central  offices  other  than  those 
facilities  involving  the  use  of  outward,  inward  and  through  toll  switch- 
boards and  of  local  switchboards  which  interconnect  trunks  of  the 
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ringdown  signaling  type.  More  recently,  tandem  arrangements  have 
been  employed  in  toll  offices  in  connection  with  the  toll  lines  used  for 
long  distance  calls,  all  of  which,  with  a  few  exceptions,  are  handled 
over  ringdown  signaling  circuits. 

It  is  the  purpose  of  this  article  to  describe  the  operating  and  service 
features  of  the  different  types  of  tandem  arrangements  employed  in 
the  Bell  System  and  to  indicate  the  extent  to  which  they  are  used. 
Tandem  equipment  having  trunks  incoming  from  other  tandem  equip- 
ment, is  a  subtandcm;  some  equipments  operate  both  as  tandems  and 
subtandems. 

A  consideration  of  tandem  operation  may  logically  begin  with  the 
switching  requirements  of  a  single  local  exchange  area.  It  follows 
from  our  definition  that  a  tandem  connection  involves  the  cooper- 
ation of  at  least  three  different  offices  for  its  completion.  So  long 
as  all  switching  operations  are  confined  within  a  single  office  there 
is,  therefore,  no  occasion  for  tandem  connections.  Neither  is  there 
any  occasion  for  them  when  the  number  and  relative  locations  of  the 
various  offices,  call  them  A,  B,  and  C,  etc.,  within  the  exchange  area 
are  such  that  it  is  still  practicable  to  handle  interoffice  calls  over  direct 
trunks.  With  increase  in  area  and  number  of  offices,  a  point  is  obvi- 
ously reached,  however,  where  it  is  no  longer  practicable  to  go,  for 
example,  from  office  A  to  office  U  directly,  U  being  located  in  a  remote 
division  of  the  exchange,  although  it  will  still  be  feasible  to  go  directly 
between  offices  A,  B,  and  C,  and  between  offices  U,  V,  and  W.  Given 
such  an  extended  exchange  area,  it  will  be  found  to  contain  some  inter- 
mediate geographical  position  at  which  a  tandem  office  can  be  profit- 
ably located  with  trunks  extending  to  all  the  local  offices  and  with 
switching  facilities  such  that  calls  from  A,  B,  and  C  to  U,  V,  and  W 
will  be  routed  to  it  and  will  be  completed  by  the  interconnection  of 
trunks  between  the  tandem  office  and  these  various  outlying  offices. 
Such  a  tandem  office  would  of  course  be  a  local  tandem  office. 

Passing  from  the  problem  presented  by  the  handling  of  local  traffic 
within  an  exchange  area,  and  reserving  discussion  for  later  paragraphs, 
it  may  be  stated  as  evident  that  numerous  other  situations  arise  within 
the  telephone  plant  for  one  or  another  type  of  tandem  operation. 
These  it  is  convenient  to  classify  as  follows: 

I.    Manual  tandems,  at  which  connections  are  made  manually  by  plug 
and  jack  operation.     These  include — 

a)  Manual  straightforward   tandems,   for  completing  connections 

from  manual  trunks  to  manual  trunks. 

b)  Call  indicator  tandems,  for  completing  connections  from   dial 

trunks  to  manual  trunks. 
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c)  Toll  office  tandems,  for  completing  connections  from  manual 

trunks  to  ringdown  toll  circuits. 

d)  Straightforward   toll   line  tandems,  for  completing  connections 

from  straightforward  toll  circuits  to  toll  switching  trunks. 

e)  Toll  switching  trunk  tandems,  for  completing  connections  from 

manual  trunks  to  manual  toll  switching  trunks. 
II.    Dial  tandems,  at  which  the  connections  are  made  wholly  by  means 
of  switch  mechanisms  controlled  either  at  the  tandem  office 
or  at  a  distant  office.     These  include — 

a)  Operator    tandems    for    completing    connections    from    manual 

trunks  to  dial  (or  manual)  trunks. 

b)  Full   selector   tandems,   for  completing  connections  from  dial 

trunks  to  dial  (or  manual)  trunks. 

c)  Trunk  concentrating  tandems,  for  automatically  concentrating 

or  collecting  traffic  which  is  to  be  completed  over  either  manual 
or  dial  trunks. 

Manual  trunks  include  all  types  of  trunks  over  which  the  order  is 
passed  orally  by  an  operator  or  by  a  machine  as  in  the  case  of  call 
announcer  trunks.  Dial  trunks  include  those  over  which  the  order  is 
transmitted  in  the  form  of  electrical  impulses. 

Traffic  normally  routed  over  direct  straightforward  trunks  frequently 
is  handled  through  a  tandem  system  during  the  night  and  other  hours 
of  light  traffic.  This  is  sometimes  an  economical  arrangement  since  it 
makes  it  unnecessary  to  provide  incoming  "B"  operators  during  such 
hours  except  on  positions  handling  the  tandem  completing  trunks. 
The  speed  of  connection  at  such  times  is  substantially  as  fast  as  over 
direct  trunks  because  of  the  number  of  "B"  positions  which  it  would 
be  necessary  otherwise  to  cover  with  a  small  number  of  operators. 
Also,  a  tandem  system  may  be  used  as  an  emergency  routing  during 
periods  when  direct  trunk  groups  are  out  of  service  because  of  cable  or 
other  failure.  Frequently  tandem  systems  are  used  as  overflow 
routings  for  traffic  normally  handled  over  small  direct  trunk  groups. 

Table  I  indicates  the  number  of  the  different  types  of  tandem  systems 
in  use  in  the  Bell  System.  In  addition  to  systems  of  the  types  shown, 
tandem  operation  is  obtained  through  the  use  of  regular  local  central 
office  equipment  in  a  number  of  cities  where  the  volume  of  eligible 
traffic  is  very  small. 

Manual  Tandems 
Manual  Straightforward  Tandems 
In  these  tandem  systems  the  incoming  and  outgoing  trunks  are  of 
the  straightforward  type.     The  incoming  trunks  are  terminated  on 
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TABLE   I 

Tandem  Systems  at  Bell  System  Toll  Centers 

(These  Constitute  Most  of  the  Tandem  Systems  in  Use) 

Type  of  Tandem  No.  in  Use 

Manual  Straightforward  Tandems 13 

Call  Indicator  Tandems 5 

Toll  Office  Tandems 27 

Straightforward  Toll  Line  Tandems 3 

Toll  Switching  Trunk  Tandems 2 

Panel  Sender  Tandems — Total 6 

— With  Operators'  Positions 5 

Panel  Office  Selector  Tandems 34 

Step-By-Step  Tandems— Total 61* 

— With  "B"  Board  Operators'  Positions 5 

— With  Intermediate  Dialing  or  Key  Pulsing  Operation     4 
Trunk  Concentrating  Tandems — No.  of  Cities 9t 

*  26  of  these  have  trunks  incoming  from  other  tandems. 
t  With  148  groups  of  trunk  concentrating  switches. 

single-ended  cords  on  the  tandem  positions,  and,  in  all  but  the  smallest 
boards,  the  trunks  are  connected  automatically  to  the  tandem  operator 
in  rotating  sequence,  a  flashing  supervisory  lamp  associated  with  the 
trunk  indicating  to  the  tandem  operator  the  trunk  to  which  she  is  con- 
nected. When  the  tandem  operator  is  in  this  fashion  connected  to  a 
trunk  which  an  originating  operator  has  selected  and  over  which  she 
wishes  to  have  a  call  completed,  both  operators  receive  momentary 
tone  signals  indicating  this  fact  and  the  originating  operator  passes 
the  name  of  the  central  office  desired.  The  tandem  completing  trunks 
appear  in  the  outgoing  trunk  multipleat  the  tandem  board,  usually 
with  idle  trunk  indicating  lamps,  and  the  tandem  operator  extends  the 
connection  from  her  position  by  simply  plugging  the  incoming  trunk 
into  an  idle  trunk  to  the  office  desired.  Plugging  into  the  trunk  auto- 
matically signals  the  "B"  operator  at  the  called  office.  The  tandem 
operator's  telephone  set  may  be  released  from  the  incoming  trunk, 
either  by  means  of  a  release  key  provided  at  her  position  for  that 
purpose  or  by  the  act  of  plugging  into  the  outgoing  trunk.  The  release 
key  enables  the  tandem  operator  to  receive  a  call  while  establishing 
the  connection  on  a  previous  call. 

In  order  to  distribute  the  load  and  assure  the  minimum  of  delay  at 
the  tandem  board,  the  various  groups  of  incoming  trunks  are  sub- 
grouped  and  the  subgroups  terminated  on  dififerent  tandem  positions. 
In  addition,  on  the  larger  trunk  groups,  arrangements  are  provided  so 
that  if  the  operator  upon  whose  position  a  subgroup  is  located  is  busy, 
when  one  or  more  operators  upon  whose  positions  other  subgroups 
terminate  are  idle,  this  is  indicated  to  the  originating  operator  in  order 
that  she  may  select  a  trunk  to  an  idle  tandem  operator.     The  number 
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of  trunks  handled  by  the  various  tandem  operators  can  be  varied  from 
hour  to  hour  by  means  of  keys  located  between  each  group  of  10  cords. 
Release  of  the  tandem  trunk  by  the  originating  operator  gives  a 
disconnect  signal,  simultaneously  at  both  the  tandem  and  "  B  "  boards, 
and  the  tandem  and  "B"  operators  then  take  down  the  connection. 
The  tandem  trunk  may  be  reselected  for  a  new  call  even  before  the 
tandem  operator  has  taken  down  the  cord  on  the  previous  call. 


o— 
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TANDEM  COMPLETING 

I       TRUNKS  TO  "B" 
POSITIONS  IN 
MANUAL  AND 
DIAL  OFFICES 


INCOMING  TRUNKS 


CALL  INDICATOR 


—  NOTES  — 

I- IDLE  TRUNK  INDICATING   IS  PROVIDED 
ON  THE   TANDEM    COMPLETING   TRUNKS, 
THE  INDICATING  LAMP  SOCKETS   BE- 
ING COMBINED  WITH   THE    DESIGNATION 
STRIPS. 

2- ONE-WAY  OR  TWO-WAY   TRUNKS  MAY  BE 
PROVIDED    BETWEEN    MANUAL  OFFICES 
AND  THE   TANDEM    OFFICE. 

3- ONE-WAY   TRUNKS,  ONLY,  ARE  USED  BE- 
TWEEN   DIAL  OFFICES  AND  THE 
TANDEM    OFFICE. 


Fig.  1- 


-Manual  automatic  listening  straightforward  and  call  indicator 
tandem  arrangements. 


Figure  1  shows,  schematically,  the  circuit  and  equipment  arrange- 
ments in  the  manual  straightforward  tandem  system.  Figure  2  is 
a  photograph  of  the  manual  straightforward  tandem  switchboard 
which  serves  Detroit,  Michigan,  and  surrounding  communities,  while 
Fig.  3  indicates  the  scope  of  the  Detroit  Tandem  System. 

Where  the  volume  of  traffic  to  be  switched  is  too  small  to  warrant  a 
tandem  switchboard,  tandem  operation  frequently  is  obtained  by 
routing  the  traffic  over  straightforward  trunks  terminating  on  manual 
"B"  positions  at  a  convenient  local  office  and  providing  trunks  from 
these  positions  to  other  central  offices.  The  operators  at  these  manual 
"B"  positions,  therefore,  combine  the  functions  of  tandem  and  "B" 
operators. 

Call  Indicator  Tandems 

When  manual  offices  are  converted  to  dial,  it  is  necessary  to  provide 
means  for  completing  calls  from  dial  subscribers  to  all  offices,  including 
manual  offices,  within  their  local  dialing  area.     The  usual  arrangement 
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with  respect  to  manual  offices  to  which  direct  trunks  can  be  justified,  is 
to  display  the  number  dialed  by  the  customer  on  a  call  indicator  located 
on  a  "B"  position  in  the  manual  office,  the  operator  at  this  position 
completing  the  connection  to  the  called  subscriber's  line.  Where 
direct  trunks  cannot  be  justified,  the  call  indicator  may  be  located  on  a 
manual  straightforward  tandem  position,  thus  forming  a  "call  indicator 
tandem."     The  operation  at  the  tandem  board  is  dissimilar  in  the 


Fig.  2 — Detroit  manual  straightforward  tandem  switchboard. 

following  respects  to  the  manual  straightforward  tandem  operation 
described  above:  a)  the  display  of  the  central  office  code  and  digits 
of  the  called  number,  as  dialed  by  the  subscriber,  take  the  place  of 
the  name  of  the  central  office  desired  passed  orally  by  an  operator; 
h)  the  tandem  operator  passes  the  order  orally  to  the  called  office; 
c)  the  tandem  operator  is  not  connected  automatically  to  the  incoming 
trunk  but,  upon  receiving  a  signal  on  a  trunk  indicating  an  incoming 
call,  depresses  a  display  key  which  connects  her  telephone  circuit  to 
the  trunk  and  causes  the  number  which  has  been  dialed  to  be  dis- 
played on  the  call  indicator. 

The  call  indicator  tandem  arrangement  is  shown  schematically  in 
Fig.  1,  and  a  photograph  of  a  typical  call  indicator  tandem  position  is 
shown  in  Fig.  4. 
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Fig.  4 — Call  indicator  tandem  position. 


Toll  Office  Tandems 

With  the  introduction  of  the  combined  line  and  recording  method 
of  toll  board  operation,  it  was  necessary  to  provide  means  for  giving 
each  outward  toll  operator  access  to  all  of  the  toll  circuits  (instead  of 
circuits  to  certain  points  only,  as  required  by  the  former  single  ticket 
toll  operating  method)  and  in  large  toll  offices  where  the  transmission 
and  switchboard  multiple  limitations  prevent  multipling  all  of  the 
toll  lines  at  the  outward  positions,  toll  office  tandems  provide  such  a 
means.  Toll  office  tandems  also  are  used  as  a  means  for  making  toll 
board  circuits  available  to  local  operators,  at  both  manual  and  dial 
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system  "A"  boards  in  multi-operating  center  cities,'  to  permit  the 
"A"  board  handling  of  station-to-station  toll  calls  over  such  circuits. 

Except  that  they  are  arranged  for  establishing  connections  to  ring- 
down  toll  lines  only  and  have  certain  additional  features  required 
thereby,  the  operating  and  service  features  of  these  toll  office  tandems 
are  similar  to  those  of  the  manual  straightforward  tandem  previously 
described.  The  trunks  from  the  toll  board  to  the  tandem  positions 
are  usually  of  the  idle-position  indicating,  idle-trunk  indicating,  type. 
Trunks  from  "A"  boards  have  the  idle-trunk  indicating  feature  only. 

The  ringdown  toll  lines  are  multipled  in  the  tandem  positions  and 
are  equipped  with  idle-indicating  lamps.  When  a  tandem  trunk  is  con- 
nected to  a  toll  line,  a  ring  of  two  seconds'  duration  is  sent  auto- 
matically, but  a  ring-release  key  is  provided  on  each  tandem  position 
to  permit  connection  to  be  made  to  a  toll  line  without  ringing,  as  is 
necessary  under  certain  operating  conditions.  Subsequent  rings  on 
the  toll  line  may  be  made  by  the  originating  operator. 

When  ringdown  toll  lines  appear  directly  in  the  multiple  before  the 
originating  operator  and  she  finds  all  of  the  circuits  in  a  particular  group 
momentarily  busy,  she  ascertains  when  a  circuit  in  the  group  becomes 
idle  by  observing  the  busy  signals  associated  with  the  toll  line  jacks. 
When  connections  to  the  circuits  are  obtained  through  toll  office  tan- 
dem equipment,  the  equivalent  of  this  arrangement  for  ascertaining 
when  a  circuit  becomes  available  may  be  obtained  by  providing  over- 
flow circuits  connected  to  jacks  associated  with  the  different  circuit 
groups  in  the  toll  line  multiple  at  the  tandem  positions.  The  tandem 
operator  connects  the  incoming  tandem  trunk  to  the  overflow  circuit 
and  the  first  toll  line  in  the  group  to  become  idle  causes  a  signal  indi- 
cating this  to  be  given  over  the  trunk  to  the  originating  operator. 
Should  the  overflow  circuit  also  be  busy,  the  tandem  operator  connects 
the  incoming  trunk  to  one  of  a  common  group  of  circuits  arranged  to 
transmit  a  signal  indicating  this  condition. 

Figure  5  is  a  photograph  of  one  of  the  two  toll  office  tandem  switch- 
boards in  the  Long  Lines  Office  in  New  York  City. 

In  cities  not  requiring  the  use  of  tandem  equipment  in  order  to  give 
toll  board  operators  access  to  the  toll  lines,  a  somewhat  different  toll 
tandem  arrangement  is  provided  for  giving  "  A  "  operators  access  to  the 
toll  board  circuits.  Under  these  conditions  the  tandem  operators' 
positions  are  located  in  line  with  the  toll  positions,  and  the  incoming 
trunks  may  or  may  not  have  the  automatic  listening  feature  described 
in   connection   with   manual   straightforward   tandems.     If  not,   the 

^  A  multi-operating  center  city  is  one  sufficiently  large  to  require  the  local  operat- 
ing to  be  distributed  between  two  or  more  buildings. 
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tandem  operator  connects  herself  to  the  trunk  and  gives  the  order 
tone  to  the  orig:inating  operator  by  operating  a  key  associated  with 
the  trunk.     The  ring-release  and  overflow  features  are  not  provided. 


Fig.  5 — Toll  office  tandem,  No.  1 — Long  Lines  office,  New  York  City. 

In  a  few  cases  where  the  volume  of  traffic  to  be  handled  by  "A" 
operators  over  toll  board  circuits  is  very  small,  a  form  of  toll  ofifice 
tandem  operation  is  obtained,  without  the  use  of  tandem  positions  of 
the  types  described  above,  by  terminating  automatic  signaling  trunks 
from  the  "A"  boards  on  jacks  and  lamps  at  the  outward  toll  board 
positions  and  having  the  connections  between  the  trunks  and  the  toll 
circuits  made  by  means  of  the  regular  pairs  of  cords.  The  answering 
jacks  are  multipled  at  a  number  of  the  toll  positions  and  none  of  the 
features  normally  associated  with  toll  ofifice  tandem  equipment  are 
provided.  The  toll  board  operator  answers  on  the  trunk  verbally  and 
after  receiving  from  the  "A"  operator  the  name  of  the  place  desired, 
establishes  a  connection  to  the  toll  line  and  rings  the  distant  olifice. 
From  this  point  on,  the  "A"  operator  handles  the  call  in  essentially 
the  same  manner  as  when  regular  toll  tandem  equipment  is  used. 

Straightforward  Toll  Line  Tandems 
While  ringdown  operation  is  the  general  rule  at  toll  boards,  there  are 
a  few  toll  board  circuit  groups  which  are  operated  on  a  straightforward 
basis,  notably  the  terminal  circuits  between  New  York  and  Philadel- 
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phia.  These  straii;htforward  toll  lines  are  arranged  for  one-way 
operation  and  terminate  on  single -ended  cords  at  automatic-listening 
tandem  positions  in  the  Long  Lines  offices  in  New  York  and  Phila- 
delphia. Regular  toll  switching  trunks  are  multipled  at  the  tandem 
positions  for  reaching  the  various  local  offices  on  incoming  calls;  idle 
trunks  are  found  by  the  tandem  operators  by  tip  test,  no  visual  busy 
signals  being  provided.  The  order  for  connection  to  the  called  station 
is  given  to  the  "  B  "  operator  at  the  local  office  by  the  originating  opera- 
tor. Ringing  on  the  toll  switching  trunks  is  controlled  by  equipment 
in  the  toll  line  circuits.  Switchhook  supervision  from  both  called  and 
calling  station  is  received  by  the  originating  operator  as  in  local  tandem 
systems.  The  disconnect  signals  at  the  tandem  board  are  controlled 
by  the  originating  operator.  The  trunks  from  the  tandem  board  to 
the  local  offices  are  of  the  straightforward  type.  In  the  case  of  dial 
central  offices,  these  trunks  terminate  on  selectors,  but  an  operator  at 
an  associated  "B"  position  sets  up  on  a  key  set  the  connection  to  the 
called  subscriber's  line. 

Toll  Switching  Trunk  Tandems 
In  a  number  of  the  larger  toll  offices,  equipment  limitations  prevent 
the  multipling  of  toll  switching  trunks  to  all  of  the  local  offices  at  all  of 
the  outward  positions.  Each  operator  has  direct  access  in  the  multiple 
at  her  position  to  trunks  to  the  offices  from  which  she  normally  receives 
calls.  Occasionally,  however,  it  is  necessary  for  operators  to  reach 
subscribers  connected  to  other  local  offices,  and  to  permit  this  a  toll 
switching  trunk  tandem  is  provided.  The  trunks  incoming  to  the 
tandem  positions  are  of  the  cord-ended,  key-listening,  straightforward 
type.  The  originating  operator  passes  to  the  tandem  operator  the 
name  of  the  local  office  desired. 

Dial  Tandems 

Dial  tandems  receive  calls  from  operators  and,  in  panel  areas,  from 
subscribers  also,  and  are  of  several  types. 

Where  there  is  a  considerable  concentration  of  short-haul  toll  traffic 
within  an  area  served  by  two  or  more  dial  tandem  systems  which  indi- 
vidually serve  limited  areas,  it  is  sometimes  desirable  to  interconnect 
such  systems  and  to  route  calls  through  one  or  more  of  these  tandem 
centers,  as  required.     An  example  of  this  is  shown  in  Fig.  9. 

Panel  Tandems 
Panel  tandem  systems  employ  panel  selectors  and  are  of  two  general 
types;  one  known  as  the  panel  sender  tandem,  and  the  other  as  the 
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office  selector  tandem.  Both  are  designed  for  use  in  cities  employing 
panel  type  central  offices,  and  therefore  these  tandems  are  used  to 
serve  only  the  larger  cities  and  their  environs. 

Panel  sender  tandems  use  senders  associated  with  the  tandem  equip- 
ment to  control  the  electrical  operation  of  the  system.  The  completing 
trunks  may  be  of  the  dial,  call  indicator,  or  call  announcer  types.  The 
sender  is  a  device  which  receives  the  impulses  from  the  incoming  trunk 
or  tandem  operators'  positions,  determines  the  routing  for  the  call, 
and  sets  up  the  necessary  electrical  conditions  for  operating  the  panel 
type  equipment  in  the  tandem  office  and  the  associated  equipment  in 
the  completing  trunks. 

These  systems  ordinarily  include  both  operator  tandem  and  full 
selector  tandem  equipment,  the  latter  for  traffic  routed  directly  through 
the  selectors  from  dial  system  "A"  boards  equipped  with  key  sets. 
Local  calls  dialed  directly  by  subscribers  are  also  routed  through  full 
selector  tandems  when  the  volume  of  such  calls  is  so  small  as  not  to 
warrant  direct  trunks  between  the  originating  and  terminating  offices. 

While  the  equipment  arrangements  of  the  full  selector  tandem  are 
such  as  to  permit  operators  at  dialing  type  dial  system  "A"  boards 
(as  distinguished  from  boards  equipped  with  key  sets)  to  dial  numbers 
at  the  distant  offices  direct,  it  usually  is  more  economical  to  route  calls 
from  these  boards  through  the  operator  tandem  positions.  Manual 
"A"  boards  in  panel  areas  usually  are  not  equipped  wath  either  dials 
or  key  sets. 

All  of  the  trunks  to  a  panel  sender  tandem  office  terminate  on  selec- 
tors, but  on  incoming  calls,  other  than  those  from  operators  at  switch- 
board positions  equipped  with  key  sets,  or  dialed  by  subscribers,  the 
trunk  automatically  is  connected  to  an  idle  tandem  operator  who  sets 
up  the  called  number  on  a  key  set  provided  with  a  row  of  keys  for 
each  letter  and  digit  in  the  number.  The  tandem  operator's  position 
then  is  released  automatically  from  the  connection.  On  connections 
completed  through  either  the  operator  tandem  or  the  full  selector 
tandem,  disconnection,  both  at  the  tandem  office  and  at  the  called 
office,  is  under  control  of  the  originating  operator,  or  calling  subscriber 
on  calls  dialed  direct. 

The  use  of  call  announcer  trunks,  which  at  present  are  designed  for 
panel  tandem  systems  only,  permits  tandem  connections  to  be  com- 
pleted by  key  set  or  dialing  operation  to  small  outlying  manual  offices 
where,  for  equipment  or  other  reasons,  call  indicators  are  not  pro- 
vided. At  the  called  office  call  announcer  trunks  are  similar  to  straight- 
forward trunks,  but  are  so  arranged  that  the  connection  of  the  "B" 
operator's  telephone  circuit  to  the  trunk  causes  the  call  announcer 
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equipment  at  the  tandem  office  to  reproduce  over  the  trunk  by  means 
of  a  talking  film  the  digits  of  the  number  previously  set  up  by  the 
originating  or  tandem  operator. 

Trunks  may  also  be  provided  from  panel  sender  tandem  offices  to 
local  central  offices  having  step-by-step  equipment,  to  manual  tandems, 
and  to  dial  tandems  of  either  the  panel  or  step-by-step  type. 
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Fig.  6 — Panel  sender  tandem  system. 


Figure  6  shows  schematically  the  latest  type  of  panel  sender  tandem 
system.  Figure  7  is  a  photograph  of  the  operators'  positions  at  Sub- 
urban Tandem,  one  of  the  panel  tandem  systems  in  New  York  City, 
while  Fig.  8  shows  the  area  served  by  this  system. 

An  early  type  of  panel  sender  tandem  system  known  as  the  semi- 
mechanical  system  is  in  use  in  New  York  City.  It  consists  both  of  an 
operator  tandem  and  a  full  selector  tandem.     The  former  has  opera- 
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tors'  positions  equipped  with  key  sets  having  a  row  of  keys  for  each  of 
the  last  four  digits  and  the  party  line  letters  in  subscribers'  numbers, 
and,  in  addition,  there  are  coordinate  routing  keys  for  selecting  trunk 
groups  to  the  various  ofifices  either  inside  or  outside  the  New  York 
City  numbering  plan  area.  In  the  more  recent  type  of  panel  sender 
tandem  system,  trunk  groups  to  offices  outside  the  Tumibcring  plan  area 


Fig.  7 — Panel  sender  tandem  operators'  positions — Suburban  Tandem — 
New  York  City. 

are  given  3-digit  codes  which  do  not  conflict  with  office  codes  within  the 
numbering  plan  area,  and  trunk  selection  is  made  by  setting  up  these 
codes  on  the  key  set.  The  trunks  to  the  operators'  positions  of  the 
semi-mechanical  tandem  are  on  a  straightforward  key-listening  basis 
and  do  not  have  the  call  distributing  feature. 

Frequently,  it  is  found  desirable  in  cities  served  by  panel  central 
office  equipment  to  consolidate  the  traffic,  originating  in  one  central 
office  building  and  destined  to  a  number  of  central  offices  in  one  or  more 
distant  buildings,  over  a  single  group  of  trunks  to  a  distant  office  which 
serves  as  a  distributing  point.  This  is  done  by  placing  panel  office 
selectors  at  the  distant  point.  Such  equipment  constitutes  an  office 
selector  tandem  and  is  arranged  to  complete  connections  incoming  and 
outgoing  over  panel  dial  trunks  only.  In  all  cases  the  connections  are 
set  up  by  dialing  on  the  part  of  a  subscriber,  or  by  dial  or  key  set  opera- 
tion on  the  part  of  an  operator.  The  operation  of  the  office  selector 
tandem  equipment,  in  establishing  a  connection,  differs  from  that  of 
the  full  selector  sender  tandem  in  that  it  is  controlled  by  the  senders 
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associated  with  the  local  central  office  equipment  at  the  originating 
office,  or  by  senders  associated  with  the  panel  tandem  equipment  in 
the  case  of  traffic  first  routed  through  the  latter. 

While  panel  sender  tandem  systems  ordinarily  include  both  operator 
tandem  and  full  selector  tandem  equipment,  Knickerbocker  Tandem 
in  New  York  City  is  entirely  of  the  full  selector  type,  being  designed  for 
traffic  incoming  over  dial  trunks  only. 

Step-by-Step  Tandems 

Step-by-step  tandem  systems  employ  step-by-step  selectors,  and, 
ordinarily,  are  of  the  full,  selector  type  without  tandem  operators' 
positions.  Under  these  conditions,  no  senders  are  required  at  the 
tandem  office  and  the  pulses  which  select  the  central  office  to  which 
connection  is  to  be  made  are  received  over  the  tandem  trunk.  Con- 
nections may  be  made  through  a  step-by-step  tandem  system  to  both 
dial  and  manual  offices;  to  the  latter  by  the  use  of  straightforward,  call 
indicator,  or  automatic-signaling  ringdown  tandem  completing  trunks. 
Call  announcer  trunks  are  not  used.  Release  of  the  tandem  trunk  at 
the  originating  office  automatically  releases  the  tandem  selectors  and 
at  the  same  time  releases  the  selectors,  or  (except  in  the  case  of  ring- 
down  trunks)  gives  a  disconnect  signal,  at  the  called  office. 

Figures  9  and  10  show%  schematically,  the  step-by-step  tandem  sys- 
tem in  Connecticut,  over  which  most  of  the  toll  traffic  within  the  state 
is  handled.  Similar  systems  are  in  use  in  Southern  California,^  and  on 
a  smaller  scale,  in  other  places. 

In  certain  cases  the  increased  trunk  efficiency  of  step-by-step  tandem 
operation  is  obtained,  without  the  necessity  of  providing  a  tandem 
switching  equipment,  by  locating  some  of  the  second  selectors  of  local 
step-by-step  central  offices  in  a  distant  building  serving  two  or  more 
central  offices  to  which  calls  are  to  be  distributed.  These  "distant 
second  selectors ' '  combine  ail  of  the  traffic  to  the  terminating  office  over 
a  single  group  of  trunks.  In  other  cases,  increased  trunk  efficiency  is 
obtained  through  the  use  of  certain  levels  on  the  regular  step-by-step 
selectors  in  a  distant  dial  central  office  on  which  to  terminate  trunks  to 
other  central  offices. 

As  stated,  step-by-step  tandems  generally  receive  the  controlling  dial 
pulses  over  the  incoming  tandem  trunks.  When  it  is  desired  to  com- 
plete connecjtions  through  a  step-by-step  tandem  system  from  manual 
offices,  this  may  readily  be  done  if  the  manual  positions  are  equipped 
with  dials.     Where  the  volume  of  traffic  on  which  dials  could  be  used  is 

'  For  a  detailed  description  of  the  design  of  the  Los  Angeles  tandem  system,  see 
paper  by  F.  D.  Wheelock  and  E.  Jacobsen,  Transactions  A.  I.  E.  E.,  Vol.  47. 
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associaU'd  with  the  local  central  office  equipment  at  the  originating 
office,  or  by  senders  associated  with  the  panel  tandem  equipment  in 
the  case  of  traffic  first  routed  through  the  latter. 

While  panel  sender  tandem  systems  ordinarily  include  both  operator 
tandem  and  full  selector  tandem  equipment,  Knickerbocker  Tandem 
in  New  York  City  is  entirely  of  the  full  selector  type,  being  designed  for 
traffic  incoming  over  dial  trunks  only. 

Step-by-Step  Tandems 

Step-by-step  tandem  systems  employ  step-by-step  selectors,  and, 
ordinarily,  are  of  the  full  selector  type  without  tandem  operators' 
positions.  Under  these  conditions,  no  senders  are  required  at  the 
tandem  office  and  the  pulses  which  select  the  central  office  to  which 
connection  is  to  be  made  are  received  over  the  tandem  trunk.  Con- 
nections may  be  made  through  a  step-by-step  tandem  system  to  both 
dial  and  manual  offices;  to  the  latter  by  the  use  of  straightforward,  call 
indicator,  or  automatic-signaling  ringdow^n  tandem  completing  trunks. 
Call  announcer  trunks  are  not  used.  Release  of  the  tandem  trunk  at 
the  originating  office  automatically  releases  the  tandem  selectors  and 
at  the  same  time  releases  the  selectors,  or  (except  in  the  case  of  ring- 
down  trunks)  gives  a  disconnect  signal,  at  the  called  office. 

Figures  9  and  10  show,  schematically,  the  step-by-step  tandem  sys- 
tem in  Connecticut,  over  which  most  of  the  toll  traffic  within  the  state 
is  handled.  Similar  systems  are  in  use  in  Southern  California,^  and  on 
a  smaller  scale,  in  other  places. 

In  certain  cases  the  increased  trunk  efficiency  of  step-by-step  tandem 
operation  is  obtained,  without  the  necessity  of  providing  a  tandem 
switching  equipment,  by  locating  some  of  the  second  selectors  of  local 
step-by-step  central  offices  in  a  distant  building  serving  two  or  more 
central  offices  to  which  calls  are  to  be  distributed.  These  "distant 
second  selectors"  combine  all  of  the  traffic  to  the  terminating  office  over 
a  single  group  of  trunks.  In  other  cases,  increased  trunk  efficiency  is 
obtained  through  the  use  of  certain  levels  on  the  regular  step-by-step 
selectors  in  a  distant  dial  central  office  on  which  to  terminate  trunks  to 
other  central  offices. 

As  stated,  step-by-step  tandems  generally  receive  the  controlling  dial 
pulses  over  the  incoming  tandem  trunks.  When  it  is  desired  to  com- 
plete connections  through  a  step-by-step  tandem  system  from  manual 
offices,  this  may  readily  be  done  if  the  manual  positions  are  equipped 
with  dials.     Where  the  volume  of  traffic  on  which  dials  could  be  used  is 

'  For  a  detailed  description  of  the  design  of  the  Los  Angeles  tandem  system,  see 
paper  by  F.  D.  Wheelock  and  E.  Jacobsen,  Transactions  A.  I.  E.  E.,  Vol.  47. 


Fig.  S — New  York  suburban  tandem  area. 
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Fig.  10 — Connecticut  step-by-step  tandem  system. 
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relatively  small,  their  provision  may  not  be  justilied,  and  other  means 
must  be  jirovided  for  oomi)lelint;  connections  to  dial  offices,  whether 
reached  over  direct  or  tandem  trunks.  F'or  tandem  oj^eration  under 
these  conditions,  stcp-b>'-step  "  B  "  operators'  positions,  directly  associ- 
ated with  the  tandem  equipment,  usually  are  provided.  The  incoming 
trunks  are  of  the  straightforward  type,  and  terminate  on  incoming 
selectors  controlled  by  means  of  key  sets  on  the  "B"  operators'  posi- 
tions and  associated  senders.  An  idle  "B"  operator  is  connected 
automatically  to  the  incoming  trunk  through  call  distributing  equip- 
ment and,  upon  receiving  the  order  and  setting  up  the  required  digits  on 
her  key  set,  her  position  is  automatically  disconnected.  The  final  dis- 
connection of  the  tandem  and  local  office  selectors  is  under  the  control 
of  the  originating  operator.  Except  for  the  selectors  on  which  the  in- 
coming trunks  terminate,  all  of  the  selectors  are  used  in  common, 
whether  controlled  from  the  "B"  positions  or  by  pulses  received  over 
dial  trunks. 

The  step-by-step  "B"  board  arrangement  sometimes  is  used  as  a 
sub-tandem  in  connection  with  manual  straightforw^ard  tandem  opera- 
tion in  a  large  nearby  city,  since  it  provides  a  convenient  means  for 
completing  connections  to  subscribers  connected  to  dial  offices  within 
the  tandem  area. 

Figure  11  shows  schematically  the  step-by-step  tandem  arrangement, 
including  "B"  board.     Figure  12  illustrates  the  operators'  positions. 


Fig.  12 — Step-by-step  tandem — "B"  operators'  positions. 
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It  may  be  mentioned,  in  passing,  that  the  Connecticut  tandem  system 
shown  on  Fig.  10  does  not  make  use  of  any  step-by-step  "B"  board 
equipments. 

An  arrangement  using  intermediate  dialing  or  intermediate  key 
pulsing  circuits  is  used  in  a  few  cases,  in  lieu  of  the  "  B  "  board  arrange- 
ment, as  a  sub-tandem  for  completing  calls  incoming  to  step-by-step 
central  offices  from  a  manual  straightforward  tandem  system  in  a 
nearby  large  city,  such  as  to  dial  subscribers  in  Trenton,  New  Jersey, 
from  the  Newark  manual  tandem  system.  Straightforward  trunks 
from  the  manual  tandem  switchboard  terminate  on  step-by-step 
selectors,  and  on  multipled  line  lamps  and  answering  jacks  in  the 
regular  switchboard  at  the  incoming  end  of  the  trunk,  with  an  auxiliary 
circuit  for  lighting  the  line  lamps  on  an  incoming  call.  When  the 
inward  operator  plugs  into  an  answering  jack  in  response  to  a  lamp 
signal,  an  order  tone  automatically  is  sent  back  over  the  trunk  to  the 
originating  operator,  who  thereupon  passes  the  called  number.  On 
key  pulsing  switchboards,  the  inward  operator  sets  up  on  her  key 
set,  the  desired  number,  and  disconnects  from  the  trunk.  On  dialing 
boards,  the  inward  operator  dials  the  called  number  over  a  dialing 
jack  associated  with  the  trunk,  using  a  second  cord,  and  disconnects 
both  cords.  Release  of  the  connection  at  the  tandem  and  called  offices 
is  under  the  control  of  the  originating  operator. 

When  used  in  conjunction  with  a  step-by-step  tandem,  the  inter- 
mediate dialing  or  key  pulsing  arrangement  serves  the  same  purpose, 
for  a  limited  amount  of  traffic,  as  the  step-by-step  "  B  "  board  arrange- 
ment described  above. 

Trunk  Concentratmg  Tandems 

Where  small  volumes  of  traffic  to  the  same  terminating  point  origi- 
nate at  a  number  of  offices  which  are  closely  associated,  geographically, 
trunk  costs  frequently  may  be  reduced  through  the  use  of  trunk  con- 
centrating switches.  Both  direct  trunks  and  trunks  to  a  tandem 
system  are  treated  in  this  manner. 

While  different  types  of  switches  are  used  under  the  various  con- 
ditions encountered  in  practice,  all  function  automatically  to  select  a 
trunk  in  a  common  trunk  group,  or  the  switches  are  permanently 
associated  with  the  common  trunks  and  operate  to  find  the  incoming 
trunk  on  which  a  call  is  waiting.  No  dial  pulses  are  required  to  cause 
the  connection  between  the  trunks  to  be  made,  and  to  switchboard 
operators  the  outgoing  trunks  are  practically  the  equi\alent  of  direct 
trunks  to  the  called  office,  or  to  the  tandem  office,  as  the  case  may  be. 

Figure    L^    shows   schematicalh-    the    use    of   trunk   concentrating 
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switches  for  giving  local  operators  in  Philadelphia  access  to  a  common 
group  of  trunks  terminating  on  the  straightforward  toll  line  tandem 
in  New  York  City.     A  more  extensive  use  on  intercity  traffic  is  in 


PHILADELPHIA 
TOLL  BUILDING 


INCOMING  STRAIGHTFORWARD 
TRUNKS  FROM    PHILADELPHIA 
DIAL  SWITCHBOARDS 


116  CIRCUITS 


44  POINT  TRUNK  HUNTING 
SWITCHES.  ONE    SWITCH 
PER   INCOMING  TRUNK 


TO  CORDS  AND   PLUGS  IN  CORD 

ENDED  STRAIGHTFORWARD 

TOLL  LINE  TANDEM   POSITIONS 

IN  THE  NEW  YORK  TOLL  BUILDING 


40  CIRCUITS 


Fig.  13— Trunk  hunting  switch  arrangement  for  Philadelphia  to  New  York  station- 
to-station  "A"  board  toll  traffic. 

San  Francisco  and  Oakland,  California,  chiefly  for  giving  offices  in 
each  of  these  cities  direct  access  to  offices  in  the  other  city.  In  San 
Francisco,  62  incoming  trunk  groups  containing  384  trunks  are  con- 
centrated on  19  trunk  groups  and  239  trunks.  In  Oakland,  188 
incoming  trunk  groups,  containing  881  trunks,  are  concentrated  on 
25  trunk  groups  and  ii?>  trunks. 

Transmission  Arrangements  Affecting  Traffic  Operation 
Tandem  systems,  unlike  the  general  long  distance  system,  operate 
within  definite  areas  and  the  associated  trunks  usually  are  designed 
to  give  satisfactory  transmission  on  connections  between  any  two 
offices  in  the  tandem  area.  In  some  of  the  larger  systems,  however, 
the  tandem  area  is  divided  into  transmission  zones  and  the  arrange- 
ments provided  for  traffic  between  the  different  zones  may  require 
the  selection  of  the  proper  trunks  or  paths  on  the  part  of  the  operators. 
One  arrangement  is  to  introduce  telephone  repeaters  in  certain  of 
the  paths  between  the  selectors  in  the  tandem  equipment,  and  to 
route  connections  requiring  repeater  gain  through  these  paths.  Figure 
14  shows  schematically  the  Los  Angeles  long-haul  step-by-step  tandem 
system,  in  which  this  arrangement  is  used.  It  will  be  noted,  for 
example,  that  connections  from  offices  in  the  Metropolitan  Area 
(Group  I)  to  Long  Beach  and  Santa  Monica  use  no  repeaters  at  the 
tandem   office;   and   that   connections   from   certain   outlying   offices 
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(Group  II)  are  routed  through  one  .t^^roup  of  repeaters  reached  from 
the  "O"  level  of  the  incoming  1st  selectors,  if  destined  for  Long 
Beach  and  Santa  Monica;  and  through  a  different  group  of  repeaters 
reached  from  the  6th  level  of  the  incoming  1st  selectors,  if  destined 
for  the  Norwalk-Artesia-Beliflower  exchange  area.  The  transmission 
gain  of  this  second  group  of  repeaters  is  higher  than  that  of  the  first 
group. 

Another  arrangement  is  to  use  terminal  repeaters  in  the  tandem 
trunks,  and  to  provide  pads  in  certain  of  the  paths  between  the  tandem 
switches.  The  longer-haul  connections  are  routed  through  the  tandem 
switches  over  paths  not  containing  pads,  while  terminal  and  other 
short-haul  connections  are  routed  over  paths  containing  pads.  This 
arrangement  is  indicated  in  connection  with  the  New  Haven  tandem 
arrangements  shown  in  Fig.  10,  where  the  trunks  to  New  London 
appear  on  the  6th  level  of  the  tandem  second  selectors  without  pads, 
and  on  the  7th  level  with  pads. 

Still  another  means  of  obtaining  transmission  gain  is  to  provide  a 
second  group  of  trunks  to  the  tandem  office  over  which  calls  to  the 
more  distant  offices  are  routed.  For  convenience  to  the  operators, 
these  trunks  are  sometimes  designated  as  a  separate  tandem  system 
as,  for  example.  Empire  Tandem  in  New  York  City,  which  consists  of 
special,  high-grade  trunks  to  Suburban  Tandem.  In  the  Southern 
New  England  System,  two  groups  of  trunks  are  provided  between 
certain  of  the  tandem  centers,  as  show^n  in  Fig.  9,  the  routing  code 
determining  which  group  shall  be  used. 

Speed  of  Operation 
As  might  be  expected,  the  speed  with  which  connections  can  be 
made  through  tandem  systems  varies  considerably,  depending  upon 
the  type  of  arrangement  employed.  Table  II  indicates  the  relative 
theoretical  speed  of  operation,  in  seconds,  of  some  of  the  more  common 
tandem  arrangements.  Direct  trunks  frorn  the  tandem  equipment 
to  the  called  office  (distant  city,  in  the  case  of  toll  office  tandems)  are 
assumed;  if  sub-tandems  are  involved,  a  small  amount  of  additional 
time  is  required.  Also  a  slight  additional  time  is  involved,  in  the 
case  of  step-by-step  tandems,  if  repeaters  must  be  dialed  in. 

Use  of  Tandem  Systems  in  Toll  Board  Operation 

While  tandem  systems  have  been  developed  primarily  for  local  and 

short-haul  toll  station-to-station  traffic  handled  on  manual  or  dial 

"A"  boards,  arrangements  have  been  provided  in  a  number  of  cities 

which  give  toll  board  operators  access  to  existing  tandem  systems  in 
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(Group  II)  are  routed  throui^h  one  group  of  repeaters  reached  from 
the  "O"  level  of  the  incoming  1st  selectors,  if  destined  for  Long 
Beach  and  Santa  Monica;  and  through  a  different  group  of  repeaters 
reached  from  the  6th  level  of  the  incoming  1st  selectors,  if  destined 
for  the  Norwalk-Artesia-Beliflowcr  exchange  area.  The  transmission 
gain  of  this  second  grou])  of  repeaters  is  higher  than  that  of  the  first 
group. 

Another  arrangement  is  to  use  terminal  repeaters  in  the  tandem 
trunks,  and  to  provide  pads  in  certain  of  the  paths  between  the  tandem 
switches.  The  longer-haul  connections  are  routed  through  the  tandem 
switches  over  paths  not  containing  pads,  while  terminal  and  other 
short-haul  connections  are  routed  over  paths  containing  pads.  This 
arrangement  is  indicated  in  connection  with  the  New  Haven  tandem 
arrangements  shown  in  Fig.  10,  where  the  trunks  to  New^  London 
appear  on  the  6th  level  of  the  tandem  second  selectors  without  pads, 
and  on  the  7th  level  with  pads. 

Still  another  means  of  obtaining  transmission  gain  is  to  provide  a 
second  group  of  trunks  to  the  tandem  office  over  which  calls  to  the 
more  distant  offices  are  routed.  For  convenience  to  the  operators, 
these  trunks  are  sometimes  designated  as  a  separate  tandem  system 
as,  for  example,  Empire  Tandem  in  New  York  City,  which  consists  of 
special,  high-grade  trunks  to  Suburban  Tandem.  In  the  Southern 
New  England  System,  two  groups  of  trunks  are  provided  between 
certain  of  the  tandem  centers,  as  shown  in  Fig.  9,  the  routing  code 
determining  which  group  shall  be  used. 

Speed  of  Operation 
As  might  be  expected,  the  speed  with  which  connections  can  be 
made  through  tandem  systems  varies  considerably,  depending  upon 
the  type  of  arrangement  employed.  Table  II  indicates  the  relative 
theoretical  speed  of  operation,  in  seconds,  of  some  of  the  more  common 
tandem  arrangements.  Direct  trunks  frorn  the  tandem  equipment 
to  the  called  office  (distant  city,  in  the  case  of  toll  office  tandems)  are 
assumed;  if  sub-tandems  are  involved,  a  small  amount  of  additional 
time  is  required.  Also  a  slight  additional  time  is  involved,  in  the 
case  of  step-by-step  tandems,  if  repeaters  must  be  dialed  in. 

Use  of  Tandem  Systems  in  Toll  Board  Operation 

While  tandem  systems  have  been  developed  primarily  for  local  and 

short-haul  toll  station-to-station  traffic  handled  on  manual  or  dial 

"A"  boards,  arrangements  have  been  provided  in  a  number  of  cities 

which  give  toll  board  operators  access  to  existing  tandem  systems  in 
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Fig.  14 — Los  Angeles  long-haul  dial  tandem  syste 


TANDEM  OPERATION  IN   THE   BELL   SYSTEM 


401 


TABLE  II 
Relative  Theoretical  Speed  of  Operation  of  Tandem  Systems 


Speed  in 

Seconds 

Types  of  Trunks 

Type  of  Tandem 

Calls 

Calls 

Handled 
By 

Dialed 

Direct  By 

To  Tandem 

From  Tandem 

Operators* 

Customerst 

Manual 

Straightforward  . 

Straightforward 

Straightforward — to 
Manual  "B"  Pes. 

25 

Call  Indicator. . . 

Call  Indicator 

Straightforward — to 
Manual  "B"  Pos. 

31 

Toll  Office 

Tandem 

Straightforward 

Ringdown  | 

29 

Panel  Sender 

Tandem 

Operator  Tandem  .  . 

Straightforward 

Dial 

26 

Straightforward 

Call  Indicator 

33 

Straightforward 

Call  Announcer 

34 

Full    Selector    Tan- 

dem 

From  Operators  at 

Boards    Equip 

pedwith  10-but- 

ton  Keysets  .  .  , 

Dial 

Dial 

24 

Dial 

Call  Indicator 

31 

Dial 

Call  Announcer 

32 

Dialed     by     Cus- 

tomers   

Dial 

Dial 

28 

Dial 

Call  Indicator 

35 

Step-by-Step 

Operator    Tandem, 

with  Step-by-Step 

"B"  Board 

Straightforward 

Dial 

22 

Straightforward 

Call  Indicator 

30 

Full   Selector   Tan- 

dem 

From  Operators  at 

Boards    Equip- 

ped with  Dials. 

Dial 
Dial 

Dial 

Straightforward — to 
Manual  "B"  Pos. 

16 

20 

Dial 

Call  Indicator 

23 

From     Operators 

at  Boards 

Equipped 

with  Keysets  .  . 

Dial 
Dial 

Dial 

Straightforward — to 
Manual  "B"  Pos. 

17 
21 

Dial 

Call  Indicator 

24 

*  On  calls  handled  by  operators,  this  is  the  interval  from  receipt  of  signal  at  the 
switchboard  to  the  first  ring  on  the  called  line.  The  interval  from  receiver  off  hook  at 
the  calling  station  to  receipt  of  signal,  is  approximately  .5  second  for  manual  stations, 
3  seconds  for  step-by-step  dial  stations,  and  7  seconds  for  panel  dial  stations.  Both 
of  the  latter  include  the  dialing  by  the  customer  of  the  "Operator"  code. 

t  In  panel  areas. 

j  When  completed  to  local  multiple  in  toll  board  at  called  office. 
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order  that  they  may  complete  person-to-person  and  other  calls  to 
points  within  the  tandem  area  over  tandem  trunks  rather  than  over 
the  regular  long  distance  circuits.  Tandem  systems  in  general  make 
use  of  common  battery  trunks  and,  since  some  of  the  older  types  of 
toll  switchboards  either  are  not  arranged  to  complete  originating  calls 
over  such  trunks  or  are  not  equipped  with  the  dialing  arrangements 
required  for  dialing  through  dial  tandems,  the  application  of  this  de- 
sirable arrangement  is  somewhat  limited. 

As  indicated  above,  the  only  tandem  operation  involving  ringdown 
toll  board  circuits,  at  present,  is  for  the  purpose  of  making  such 
circuits  accessible  to  operators  at  switchboard  positions  not  having 
a  multiple  appearance  of  the  circuits.  It  is  the  belief  of  the  author 
that,  with  the  further  expansion  of  the  long  distance  plant,  the  ring- 
down  circuits  gradually  will  be  replaced  by  through  supervision  cir- 
cuits— that  is,  by  circuits  which,  like  the  trunks  used  in  local  and 
short-haul  toll  tandem  operation,  will  give  the  originating  operator 
switchhook  supervision  from  the  called  station.  These  new  circuits, 
no  doubt,  will  be  arranged  for  two-way  and  built-up  circuit  operation 
and,  incoming  to  dial  areas  from  toll  boards  equipped  with  dials  or 
key  sets,  will  be  terminated  directly  on  selectors. 

Although  changing  conditions  may  suggest  better  arrangements,  it 
seems  probable  that,  from  toll  boards  not  equipped  with  dials  or  key 
sets,  the  new  circuits  will  be  operated  on  a  straightforward  basis  and 
terminated  on,  or  controlled  at,  operators'  positions  at  the  incoming 
end.  In  the  larger  cities  these  positions  may  have  equipment  and 
operating  features  quite  similar  to  those  in  the  panel  sender  tandem. 
In  such  cities,  it  may  well  be  that  both  straightforward  and  ringdown 
incoming  circuits  will  be  terminated  on  switches  but  that  the  calls 
will  be  received,  and  both  terminal  and  through  connections  set  up, 
at  the  operators'  positions,  thus  making  use  of  the  tandem  type  of 
equipment  for  all  switching  purposes  in  the  larger  cities.  Also,  this 
new  inward  and  through  toll  offtce  equipment  may  replace  the  present 
type  of  toll  office  tandem  equipment.  In  smaller  cities,  including 
cities  serving  manual  areas,  the  incoming  circuits  may  be  terminated 
on  equipment  having  features  generally  similar  to  those  in  the  manual 
straightforward  system. 

The  gradual  extension  of  these  arrangements  would  eventually  dupli- 
cate, in  the  long  distance  toll  plant,  tandem  switching  of  the  type 
now  so  extensively  used  on  the  local  and  short-haul  toll  traffic,  and 
ultimately  make  the  entire  United  States  a  super-tandem  area. 

The  scope  of  the  present  tandem  systems  has  been  determined 
largely  by  economic  considerations,  although  the  desire  to  simplify 
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the  service  to  the  customer  in  the  large  metropolitan  areas  also  has 
been  an  important  factor.  The  general  introduction  of  the  tandem 
type  of  operation  on  toll  board  circuits  may  affect  the  economic 
balance,  and  except  where  other  factors  are  controlling,  will  tend  to 
limit  the  scope  of  segregated  tandem  systems  of  the  present  type. 
It  may  well  be  that,  eventually,  in  some  of  the  smaller  cities  the  need 
for  a  separate  tandem  system  for  the  local  and  short-haul  toll  traffic 
will  disappear  altogether. 

Summary 

Tandem  systems  for  local  and  short-haul  toll  traffic  have  been 
provided : 

1.  To  reduce  the  number  of  trunk  groups  required  in  large  metro- 

politan areas  and  to  insure  maximum  efficiency  on  those  pro- 
vided; due  consideration  being  given,  of  course,  to  a  proper 
balance  between  service  and  costs. 

2.  To  permit  the  same  operating  and  service  arrangements  on  short- 

haul  toll  traffic  as  on  local  traffic,  thus  facilitating  the  work 
of  the  operators  and  making  the  service  faster,  and  easier  to 
use  by  the  customer. 

3.  To  reduce  the  cost  of  handling  large  volumes  of  short-haul  toll 

traffic  through  the  use  of  toll  plant  designed  to  meet  the  less 
exacting  transmission  requirements,  as  compared  with  toll 
plant  used  for  long  distance  traffic. 

These  systems  vary  in  type,  depending  upon  the  types  of  local 
central  office  equipment  which  are  to  be  interconnected. 

The  use  of  tandem  operation  in  connection  with  toll  board  traffic  is 
limited  at  the  present  time,  but  in  view  of  the  future  volume  of  this 
traffic  and  of  new  arrangements  which  now  appear  feasible,  further 
expansion  of  the  long  distance  system  may  be  along  lines  generally 
similar  to  those  employed  in  the  local  and  short-haul  toll  tandem 
systems;  using,  of  course,  operating  methods  and  equipment  arrange- 
ments which  adequately  meet  the  requirements  on  the  longer-haul 
traffic.  These  new  arrangements  may  involve  both  dialing  and 
straightforward  toll  lines.  They  may  affect  the  economic  balance 
and,  thereby,  the  scope  of  tandem  systems  provided  heretofore  for 
local  and  short-haul  toll  traffic. 
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A  Non-Directional  Microphone 

By   R.    N.    MARSHALL   and   F.    F.    ROMANOW 

A  moving  coil  microphone  is  desc  ril>etl  which  responds  uniformly  over  a 
wide  frequency  range  to  sound  arriving  from  any  direction.  A  study  of 
diffraction,  the  main  factor  causing  directivity  of  microphones  of  the  pressure 
type,  leads  to  the  conclusion  that  a  small  spherical  shape  is  the  most  desirable 
for  a  non-directional  microphone.  But  even  fulfilling  this  requirement  in 
the  design  of  the  housing  leaves  a  large  directional  effect.  Hence  an 
acoustic  screen  has  been  developed  which  diminishes  diffraction  to  an  extent 
necessary  to  make  the  change  in  response  due  to  angle  of  sound  incidence 
imperceptible  to  the  ear.  The  non-directional  microphone  is  of  simple  and 
rugged  construction.  Adecjuate  precautions  have  been  taken  to  prevent 
atmospheric  changes  from  affecting  the  stability.  The  small  size  and 
unusual  shape  of  the  microphone  contribute  much  to  its  attractive  ap- 
pearance. 

IN  many  situations — such  as  when  a  microphone  is  used  as  a  pick-up 
for  large  orchestras  or  choruses,  or  in  sound  picture  studios — the 
sound  reaching  the  microphone  directly  may  be  only  a  small  part  of  the 
total.  Most  of  the  sound  arrives  at  the  microphone  from  directions 
other  than  normal  to  the  plane  of  the  diaphragm.  If  the  microphone 
response  differs  in  these  various  directions,  the  output  will  not  truly 
represent  the  sound  at  the  point  of  pick-up — and  this  is,  of  course,  a 
f.orm  of  distortion.  This  distortion  was  minimized  in  the  Western 
Electric  618-A  type  moving  coil  microphone  ^  by  selecting  the  con- 
stants of  the  instrument  so  that  the  field  response  would  be  as  uniform 
as  possible  for  sound  of  random  incidence.  Still  there  remained  a 
considerable  change  of  response  with  the  angle  of  sound  incidence  and 
with  frequency  as  is  shown  in  Fig.  2.  In  the  non -directional  micro- 
phone this  variation  (Fig.  3)  has  been  greatly  reduced  so  that  it  is 
imperceptible  to  the  ear.  Moreover,  the  new  microphone  is  designed 
to  be  mounted  so  that  its  diaphragm  is  horizontal.*  In  this  position 
the  instrument  is  symmetrical  with  respect  to  a  vertical  axis  through 
the  center  of  the  diaphragm.  If  a  sound  source  is  placed  at  some  arbi- 
trary location  we  may  rotate  the  microphone  around  this  vertical  axis 
without  changing  its  response.  Hence  the  instrument  is  entirely 
non-directional  with  respect  to  the  vertical  axis.  If  the  microphone  is 
rotated  around  an  axis  in  the  plane  of  and  through  the  center  of  the 
diaphragm  a  very  slight  residual  directional  effect  remains  and  it  is  this 
one  which  has  been  plotted. 

*  Since  the  non-directional  microphone  is  generally  mounted  with  its  diaphragm 
in  a  horizontal  plane  the  angles  of  incidence  have  been  labeled  0°,  ±  30°,  ±  60°, 
±  90°  retaining  0°  as  the  angle  of  incidence  for  sound  waves  moving  in  the  horizontal 
plane. 
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The  directivity  of  pressure  type  microphones  is  caused  by  two  factors: 
(a)  the  variation  of  the  diffraction  effect  with  frequency  and  with  the 
angle  of  incidence  of  the  sound  wave,  and  {h)  the  decrease  in  pressure 
due  to  phase  shift  which  occurs  when  the  direction  of  the  progressive 


Fig.  1— 63U-A 


with  deskstand. 


sound  wave  has  a  component  parallel  to  the  plane  of  the  diaphragm. 
Each  is  also  a  function  of  the  dimensions  of  the  microphone  relative  to 
the  wave  length  of  the  sound,  and  in  the  instruments  of  the  size  dis- 
cussed in  this  paper  the  effects  become  large  only  at  frequencies  above 
1000  cycles.  Directivity  might  be  a\'oided,  therefore,  if  the  micro- 
phone could  be  made  small  enough  ;  but  calculation  shows  that  to  make 
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the  effect  negligible  at  10,000  cycles  the  instrument  would  have  to  be 
approximately  one-half  inch  in  diameter.  While  a  microphone  of  this 
size  could  be  built,  it  is  doubtful  whether  an  output  level  could  be 
obtained  which  would  be  adeciuate  for  i)ublic  address,  broadcasting, 
and  sound  ]iirture  use. 
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Fig.  2 — Field  response  of  the  618-A  microphone  showing  the 
effect  of  angle  of  sound  incidence. 


Diffraction  plays  by  far  the  predominant  role  up  to  a  frequency  where 
the  wave-length  is  comparable  to  the  diameter  of  the  diaphragm,  and 
the  effect  of  phase  shift  may  be  neglected.  It  is  principally  diffraction 
which  causes  the  field  response  of  a  microphone  to  differ  from  the 
pressure  response,  and  because  of  the  variation  of  the  effect  with  angle 
of  sound  incidence  it  is  impossible  to  correct  for  it  by  adjusting  the 
pressure  response.  The  only  alternative  is  to  attack  the  diffraction 
problem  directly. 


408 


BELL   SYSTEM   TECHNICAL   JOURNAL 


-95 


0DECIBEL=1  VOLT  PER   BAR  (OPEN  CIRCUIT, VOLT- 
AGE ACROSS  OUTPUT  IMPEDANCE  OF  20  OHMSJ 

ANGLE  OF  INCIDENCE 
IN  DEGREES 

^^ 

'-' 

,-' 

X 

5"  ^ 

»  V!V^ 

— 

1     "" 

*  *• — . 

^""^ 

"H 

90 

^0 

500 
FREQUENCY     IN 


1000 
CYCLES    PER    SECOND 


5000        10,000      20,000 


Fig.  3- 


-Field  response  of  a  laboratory  model  of  the  new  630-A  non-directional  micro- 
phone for  several  angles  of  sound  incidence. 


Diffraction  of  Sound  Around  the  Microphone 

The  effect  of  the  shape  of  the  microphone  on  the  directional  response 
has  been  brought  out  by  study  of  the  diffraction  effect  of  different 
geometrical  objects  of  equal  diameter.  The  diffraction  of  a  sphere  was 
first  treated  by  Rayleigh  ^  and  evaluated  for  a  point  on  the  sphere  for 
normal  incidence  by  S.  Ballantine,^  and  for  other  angles  of  incidence 
by  H.  C.  Harrison  and  P.  B.  Flanders.*  The  effect  for  a  circular  plate 
has  been  given  by  L.  J.  Sivian  and  H.  T.  O'Neil.^  Figure  4  shows  the 
calculated  diffraction  effect  of  the  cylinder,  cube,  and  sphere  *  as  a 
function  of  frequency  and  angle  of  incidence  in  terms  of  the  ratio  of  the 
disturbed  to  the  undisturbed  sound  pressure  at  a  point  located  centrally 
in  the  surface  of  the  object.  The  abscissae  are  given  as  the  ratio  of  the 
diameter  of  the  object  to  the  wave-length  of  sound,  but  the  table  at  the 
bottom  indicates  the  corresponding  frequencies  for  diameters  of  1  inch, 
2  inch  and  4  inch.  If  a  microphone  were  built  having  any  one  of  these 
shapes,  and  its  diaphragm  were  made  very  small  and  located  at  the 
point  for  which  the  curves  were  computed,  its  response  would  be 
increased  or  decreased  approximately  in  correspondence  with  these 
curves  as  the  angle  of  incidence  is  changed  from  +  90°  to  —  90°.  It 
will  be  noticed  that  both  cylinder  and  cube  show  a  marked  directional 

*  The  calculated  values  for  the  diffract  ion  of  the  circular  plate  and  cube  have  been 
taken  from  an  unpublished  work  of  G.  G.  Muller  of  the  Hell  Telephone  Laboratories. 
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effect,  made  more  serious  by  the  wavy  character  of  the  response,  while 
the  variation  in  response  for  the  sphere  is  much  less  and  the  waviness 
has  practically  disappeared. 
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Fig.  4 — Calculated  diffraction  effect  at  the  center  of  the  end  form  of  a  cylinder,  cube, 
and  sphere  for  sounds  coming  from  different  directions. 

It  appears  then  that  a  very  small  sphere  would  be  the  most  desirable 
shape,  but  it  was  found  impracticable  to  reduce  the  microphone  housing 
below  a  2>2  inch  sphere  and  to  reduce  the  diaphragm  diameter  below 
1  inch.  The  field  response  of  the  resultant  microphone  without  the 
acoustic  screen  for  various  angles  of  sound  incidence  is  shown  in  Fig.  5. 
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The  directional  effect,  while  diminished  somewhat  compared  with  that 
of  the  618-A  type  (Fig.  2),  is  still  not  negligible.  It  was  possible,  how- 
ever, to  achieve  a  fairly  uniform  response  with  respect  to  frequency  for 
sound  of  0°  incidence,  that  is,  sound  arriving  in  the  plane  of  the  dia- 
phragm. Since  in  most  instances  the  direct  energy  arrives  in  the 
horizontal  plane,  uniform,  non-directional  response  for  this  important 
plane  may  be  secured  by  mounting  the  microphone  with  the  diaphragm 
in  a  horizontal  position.     Still  there  is  a  tendency  for  the  response  to  be 
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Fig.  5 — Field  response  of  a  laboratory  model  of  the  630-A 
non-directional  microphone  without  screen. 

too  high  for  high-frequency  sounds  coming  down  from  above,  that  is, 
directly  toward  the  diaphragm,  and  too  low  for  similar  frequencies 
coming  from  angles  very  much  below  the  horizontal. 

To  determine  to  what  extent  diffraction  contributes  to  this  residual 
directivity  in  the  vertical  plane  let  us  consider  the  diffraction  of  a 
geometrical  shape  resembling  that  of  the  microphone,  namely,  a  two 
and  one-half  inch  sphere  with  a  flat  face  one  and  one-eighth  inches  in 
diameter.     We  may  appro.ximate  the  diffraction  effect  for  this  shape  by 
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combiiiini;  the  known  effects  for  a  sphere  and  flat  plate  shown  in  h'i^.  6.* 
Allliout^h  the  sphere  is  twice  the  diameter  of  the  circular  plate,  it  is  seen 
that  it  has  the  larger  effect  only  at  the  lower  frequencies.  The  arrows 
indicate  the  probable  effect  to  be  taken  for  that  of  the  flat-faced  sphere. 
Although  this  result  applies  strictly  only  at  a  point  at  the  center, 
measurements  ■'  have  shown  that  up  to  15,000  cycles  for  a  one  and  one- 
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Fig.  6— Measured  diffraction  effect  of  a  lYi'  sphere,   IJs"  circular  plate,  and 
acoustic  screen  and  derivation  of  diffraction  effect  of  630-A  microphone  without 


eighth  inch  circular  disc  there  is  little  variation  over  an  area  comparable 
to  the  effective  area  of  the  microphone  diaphragm.  Hence,  the  diffrac- 
tion effect  derived  in  this  manner  is  added  to  the  computed  contour 
pressure  response   (see  Appendix  A)   to  obtain  the  theoretical  field 

*  The  effect  at  +  60°  incidence  has  been  shown  as  more  significant  since  the 
diffraction  for  +  90°  is  small.  The  latter  effect  corresponds  to  the  optical  bright  spot 
at  the  center  of  the  disc  on  the  side  away  from  the  light  source.  This  effect  occurs 
over  such  a  small  area  for  angles  very  close  to  +  90°  that  it  is  of  no  practical  use  m 
this  case.  However,  this  does  account  for  the  -f  90°  response  of  microphones  often 
being  higher  than  the  +  60°  or  ■\-  30°  response. 
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response  shown  in  Fig.  7  where  it  is  compared  with  the  experimental 
response.  The  largest  deviation  between  theoretical  and  experi- 
mental values  is  in  the  zero  degree  response  at  frequencies  from  10,000 
to  15,000  cycles.  This  difference  is  attributable  to  the  factor  men- 
tioned earlier,  namely,  the  decrease  in  effective  pressure  due  to  the 
phase  shift  of  a  plane  sound  wave  traveling  across  the  face  of  the 
diaphragm.  It  is  of  the  same  order  of  magnitude  as  that  calculated  by 
H.  C.  Harrison  and  P.  B.  Flanders  *  for  a  stretched  circular  membrane. 
It  is  concluded,  therefore,  that  the  diffraction  effect  indicated  by 
arrows  in  Fig.  6  is  representative  of  that  of  the  actual  microphone. 
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Fig.  7 — Comparison  of  theoretical  and  experimental  field  response  of  a  laboratory 
model  of  the  No.  630-A  non-directional  microphone  without  screen. 

Effect  of  Acoustic  Screen 

From  the  quantitative  considerations  of  the  diffraction  of  the 
spherical  moving  coil  microphone  without  screen  it  becomes  clear  that 
if  the  microphone  is  to  be  made  non-directional  in  the  vertical  plane 
also,  an  element  must  be  introduced  which  compensates  for  the  increase 
and  decrease  in  field  response  due  to  diffraction. 

The  screen  which  was  developed  for  this  purpose  is  a  disc  2^2  inches 
in  diameter  and  made  of  material  having  a  very  high  resistance-to-mass 
ratio.  This  disc  is  supported  approximately  1/8  inch  in  front  of  the 
microphone  grid.  The  diffraction  effect  of  this  screen  has  been  meas- 
ured in  terms  of  the  effect  on  the  face  of  the  microphone.  Figure  6 
gives  the  effects  for  sound  of  0°,  —  90°,  and  -f  60°  incidence  and  com- 
pares them  with  those  of  the  microphone  without  the  screen.  From 
these  data  it  may  be  seen  that  the  acoustic  screen  compensates  for  the 
microphone  diffraction  effect,  for  (1)  it  has  least  effect  for  sound  of  0° 
incidence;  (2)  it  causes  a  decrease  in  the  —  90°  field  response;  and  (3)  it 
causes  an  increase  in  the  +  60°  response. 
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The  variables  in  a  screen  of  this  type  are  its  diameter,  impedance, 
and  distance  from  the  microphone  grid.  It  is  a  combination  diffraction 
and  imi)edance  screen ;  for  part  of  the  sound  is  attenuated  by  passing 
directly  through  the  screen  while  the  rest  is  diffracted.  The  proportion 
between  the  two  is  a  function  of  the  impedance  of  the  screen  and  of  the 
ratio  of  its  diameter  to  the  wave-length  of  the  sound.  At  lower  fre- 
quencies most  of  the  sound  coming  from  the  top  is  bent  around  the 
screen  while  at  higher  frequencies  more  of  it  travels  directly  through 
and  becomes  attenuated.  For  sound  coming  from  the  side,  the  screen 
has  little  effect.  When  sound  comes  from  the  bottom  some  of  it  is 
reflected  onto  the  face  of  the  microphone.  The  acoustic  screen  thus 
makes  the  instrument  non-directional  in  its  response  characteristics. 

General  Design 

Besides  these  changes  designed  primarily  to  reduce  the  directional 
effects,  extensive  changes  were  made  in  the  internal  construction  and 
arrangement  of  the  microphone  to  make  the  response  more  uniform  and 
to  extend  the  frequency  range.  The  general  construction  is  shown  in 
Fig.  8.     The  desirability  of  making  the  diaphragm  as  small  as  possible 


PROTECTIVE 
SCREEN 


DIAPHRAGM 
AND  COIL 


ACOUSTIC 
RESISTANCE 


Fig.  8 — Simplified  cross-sectional  view  of  the  non-directional  microphone. 

has  been  pointed  out  in  the  discussion  of  microphone  diftVaction. 
However,  decreasing  the  size  rapidly  reduces  the  sensitivity  which  is 
proportional  to  the  area  of  the  diaphragm  and  the  flux  density  of  the 
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magnetic  field  around  the  coil.  In  order  to  obtain  in  this  instrument  a 
signal-to-noise  ratio  sufficiently  high  for  all  practical  purposes,  it  was 
not  considered  advisable  to  use  a  diaphragm  smaller  than  1  inch  in 
diameter.  The  loss  in  sensitivity  resulting  from  this  choice  was  partly 
offset  by  making  the  diaphragm  light  in  weight  and  of  very  low  stiffness. 
It  is  also  very  important  that  this  diaphragm  vibrate  as  a  simple  piston 
throughout  the  entire  range ;  but  to  obtain  this  action  over  a  wide  range 
of  frequencies  has  proved  in  the  past  to  be  a  very  difficult  problem. 
For  this  new  microphone,  a  diaphragm  was  developed  which  has  a  rigid 
spherical  center  and  a  tangentially  corrugated  annulus  and  which  has  in 
addition  a  high  area  to  stiffness  ratio.  No  evidence  of  vibrating  in 
other  modes  is  shown  by  this  structure  below  15,000  cycles.  The 
diaphragm  is  cemented  to  a  raised  annulus  on  the  outer  pole-piece. 
The  outer  and  inner  pole  pieces  are  of  soft  iron  and  are  welded  directly 
to  the  magnet  which  is  made  of  high  grade  magnet  steel.  The  dia- 
phragm is  damped  by  an  acoustic  resistance  which  is  supported  below 
the  coil  by  a  brass  ring.     This  ring  is  held  in  plac-e  with  rubber  gaskets. 

The  size  and  shape  of  the  housing  were  selected  with  particular 
reference  to  the  requirements  that  had  to  be  met.  The  size  is  such 
that  the  housing  fits  closely  over  the  diaphragm  and  thus  produces  little 
more  diffractive  effect  than  would  the  diaphragm  itself,  and  the  spher- 
ical form  allows  sufficient  amount  of  air  space  behind  the  diaphragm, 
which  is  essential  to  minimize  the  impedance  to  vibration.  To  prevent 
resonance  within  the  case  an  acoustic  resistance  baffle  is  provided  to 
divide  the  space  into  two  parts.  A  tube  with  its  outlet  at  the  back  of 
the  housing  serves  the  double  purpose  of  equalizing  the  inside  and 
atmospheric  pressures  and  of  increasing  the  response  of  the  instrument 
at  low  frequencies. 

In  the  non-directional  microphone  the  resonance  in  the  cavity  in 
front  of  the  diaphragm  is  controlled  by  the  design  of  the  protective 
grid.  Instead  of  being  the  source  of  an  undesirable  distortion,  the  grid 
and  cavity  have  become  a  valuable  aid  in  improving  the  response  of  the 
instrument  at  frequencies  from  8,000  to  15,000  cycles.  This  grid  also 
incorporates  a  screen  which  prevents  dust  and  magnetic  particles  from 
collecting  on  the  diaphragm. 

Method  of  Measuring  Field  Response 

The  method  of  making  the  frequency-response  measurements  is 
similar  in  general  details  to  the  method  outlined  in  a  paper  by  \V.  C. 
Jones  and  L.  W.  Giles  ^  Figure  9  shows  the  arrangement  of  the  room 
and  testing  apparatus.  A  very  small,  specially  developed,  condenser 
microphone  was  used  in  determining  the  sound  field  pressure.     The 
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determination  of  the  field  calibration  of  this  reference  micro]>hone  pre- 
sented an  interesting  problem  and  an  original  solution  is  described  in 
Appendix  B. 

At  low  frequencies  where  the  wave-length  of  sound  is  very  large 
compared  to  the  dimensions  of  the  microphone,  the  coupler  shown  in 
Figure  9  is  used.  At  the  higher  frequencies  a  steady  state  sound  field 
is  set  up  in  the  damped  test  room  and  the  pressure  at  a  given  point  is 
measured  by  means  of  the  small  reference  condenser  microphone;  then 
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Fig.  9 — Response  measuring  circuit. 

the  instrument  to  be  tested  is  substituted  at  this  point  and  its  generated 
voltage  recorded.  The  response  is  obtained  in  terms  of  decibels  below 
a  reference  level  of  one  volt  per  bar  of  undisturbed  sound  pressure. 

In  conclusion  we  wish  to  acknowledge  our  indebtedness  to  Mr.  L.  W. 
Giles  and  Mr.  R.  C.  Miner  of  the  Bell  Telephone  Laboratories  who 
have     aided     us     greatly     in     this     work. 

APPENDIX  A 


Theory 
Since  in  most  papers  on  moving  coil  microphones  an  equivalent 
circuit  of  this  instrument  is  given  without  deriving  it,  it  does  not  seem 
superfluous  to  indicate  here  the  method  of  obtaining  such  a  circuit  and 
the  calculation  of  its  constants. 
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In  deriving  the  theory  of  this  instrument  it  is  convenient  to  speak  of 
the  contour  pressure  response  of  a  microphone.*  We  shall  define  the 
contour  pressure  response  at  a  certain  frecjucncy  as  the  generated 
open-circuit  voltage  per  bar  of  uniform  pressure  over  the  face  of  the 
microphone.  On  the  other  hand  the  field  response  at  a  certain  fre- 
quency is  defined  as  the  generated  open-circuit  voltage  per  bar  of 
pressure  of  the  undisturbed  sound  field.  The  difference  between  the 
contour  pressure  response  and  the  normal  incidence  field  response  is 
caused  by  diffraction  around  the  microphone,  as  explained  earlier  in 
this  paper.  We  may  approximate  the  normal  incidence  field  response 
by  adding  to  the  contour  pressure  response  the  diffraction  of  the  corre- 
sponding sphere  and  circular  plate.  In  the  considerations  that  follow 
the  influence  of  the  screen  on  the  response  will  be  omitted. 

To  obtain  this  contour  pressure  response  we  assume,  then,  a  uniform 
pressure  over  the  microphone  face.  We  further  require  that  no  wave 
propagation  shall  occur  within  the  microphone.  Let  a  small  alternat- 
ing pressure  be  applied  and  consider  the  motion  of  the  system  when  the 
pressure  is  positive.  Then  the  air  in  the  grid  holes  moves  as  a  whole 
and  imparts  an  excess  pressure  to  the  grid  chamber  and  to  the  di- 
aphragm. The  central  portion  of  the  latter  moves  as  a  rigid  piston. 
The  air  volume  underneath  the  diaphragm  is  compressed,  and  some  air 
is  forced  through  the  coil  slot  into  a  very  small  chamber  just  in  front 
of  the  damping  ring.  We  shall  assume  again  that  the  air  in  the  coil 
slot  moves  as  a  whole.  From  here  the  air  flows  through  the  acoustic 
resistance  into  the  larger  case  chamber.  The  outside  pressure  instead 
of  acting  upon  the  diaphragm  in  the  described  manner  may  enter  the 
case  through  the  equalizing  tube.  On  its  travel  through  the  tube  it  is 
attenuated  and  its  phase  is  changed.  At  low  frequencies  this  property 
of  the  tube  is  used  to  increase  the  response  of  the  instrument.  In  the 
theory  that  follows,  the  tube  circuit  is  omitted  at  first,  but  its  position 
in  the  general  arrangement  will  be  shown  later. 

Let  us  use  the  following  notation  for  the  elements  of  the  vibrating 

structure: 

r_i  =  equivalent  mechanical  resistance  of  all  holes  in  grid, 

m_i  =  equivalent  mass  of  all  holes  in  grid, 

n  —  number  of  holes  in  grid, 

A-\  —  area  of  all  holes  in  grid, 

*  The  term  contour  pressure  response  is  useful  when  the  microphone  has  acoustic 
circuits  in  front  of  its  diaphragm.  Pressure  response  is  a  term  which  has  been  re- 
served specifically  for  the  condition  where,  uniform  pressure  is  applied  directly  to  the 
diaphragm.  (See  the  report  of  a  subcommittee  on  fundamental  sound  measurements 
on  the  calibration  of  microphones  in  the  journal  of  the  Acoustical  Society  of  America, 
Vol.  7.  April,  1936,  p.  301.) 
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Ao  =  effective  area  of  diaphragm, 

;,?(,  =  effective  mass  of  diaphragm, 

To  =  mechanical  resistance  of  diaphragm. 

So  =  stiffness  of  diaphragm, 

Yi  =  volume  of  air  under  diaphragm, 

ffio  =  equivalent  mass  in  coil  slot, 

r2  =  equivalent  mechanical  resistance  in  coil  slot, 

A2  =  total  area  of  coil  slots, 

V,  =  volume  of  air  chamber  in  front  of  resistance  ring, 

;»4  =  equivalent  mass  of  air  in  acoustic  resistance  silk, 

Ti  =  mechanical  resistance  to  air  flow  in  silk, 

Ai  =  total  area  of  holes  in  silk, 

V-o  =  volume  of  case, 

rr  =  equivalent  mechanical  resistance  of  tube, 

mr  =  equivalent  mass  of  air  in  tube. 

At  =  area  of  tube, 
i'-i,  0, 2,  4  =  linear  velocities, 
x^i,  0, 2,  4  =  linear  displacements, 

Po  =  atmospheric  pressure, 
X  =  ratio  of  specific  heats  for  a  gas, 

.^     =  mechanical  impedance  (Force  and  \'elocity  are  both 
^      ^  ^  complex  quantities), 

— . — =  stiffness  coefificient. 

Displacement 

The  Lagrangian  equations  for  a  system  with   four  independent  co- 
ordinates can  be  written  in  the  form : 


f(f)+ll+IZ=eM)         («=  -1,0,2,4), 

at  \    dXn   I  OXn  OXn 


(1) 


in  which  T  is  the  kinetic  energy,  F  is  Rayleigh's  dissipation  function, 
V  is  the  potential  energy,  and  e„(/)  is  a  periodic  force.  The  kinetic 
energy  of  the  system  is 

T  =  |m_ii--r  +  iwoi'o-  +  ^^2^-2'  +  ^w,.rA  (2) 

Rayleigh's  dissipation  function  becomes 

F  =  hr-ix-i'  +  hr.x^  +  lr2X2'  +  Ird^,  (3) 
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and  the  potential  energy  takes  the  form 

V  =  \^  (^-ix_i  -  A  ,x,y  +  \  Soxo'  +  ^  ^"  (^  o-To  -  ^2x2)2 


Let 


+   2  ^   (^2X2    -    ^4X4)2    +   2  ^  (^4X4)^.         (4) 


XPo 


XPo       , 

Oi  =  -jy- ,  etc. 

Differentiating  the  above  expressions,  substituting  into  (1),  writing 
X  =  jcox,  .r  =  -i- ,  and  noting  that  62  "=  63  —  d  =  0,  we  have 

,  a^iA-i^\  .       ,    /  -  a_i^_i^o\  . 

J^      /  \  J^  J 

a_i^o^-i  .       ,    /.          ,         I   a_i^  0^  + -So  +  ai^  0- \  . 
x-i  +  (  jwniQ  +  ro  H j^ )  Xq 

.h  =  0, 

Xi  =  0, 


aiAoA'. 


J^ 

OiAiAo  .     ,    /  .          ,         ,  a:^2^  +  03^2^  \  .        a^AiAi 
— -. Xq  +    JC0W2  +  ^2  H ^ ^'2 -. 

a-2  +     jwnii  +  Ti  -\ -. Xi  =  U, 


J^  \  J^ 

If  we  were  to  draw  the  equivalent  circuit  from  these  equations  we 
would  find  that  negative  stiffnesses  are  introduced  by  the  different 
areas  through  which  the  air  has  to  flow.  In  the  shunt  arms,  however, 
only  positive  stiffnesses  appear.  In  order  to  eliminate  the  negative 
stiffnesses  it  is  customary  to  group  the  shunt  stiffness  with  a  negative 
stiffness  and  another  positive  stiffness  into  a  T  structure.  It  is  simple 
to  show  that  this  T  structure  is  equivalent  to  an  ideal  auto-transformer 
shunted  by  a  positive  stiffness.  The  turn  ratio  of  the  transformer  is 
given  by  the  ratio  of  two  areas.  Of  course,  we  may  write  for  the  imped- 
ance looking  into  the  high  side  of  the  auto-transformer 

^"  =  (zf)  ^^' 

where 

Z L  =  impedance  in  the  low  side  of  auto-transformer. 
An.  m  =  areas  where  An  >  A,,,. 
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If  a  voltage  is  in  series  with  Zl  it  must  be  multiplied  by  the  ratio 
of  AnjAm.  If  these  transformations  are  carried  out  we  obtain  the 
following  equations. 


a-iAj 


■X-i  + 


(iiAo 


+ 


Xo 


[{Jh 


+  JWW/2 


A, 

A2 


+    ^-2 


+ 


-X2 

(as  +  ^5)^0^,     .    ,_^    /^4n 
^^ +  Jo:m4     -j- 


+  r. 


A, 
A, 


I  A. 

V    ^4 


J« 


■r2 


X"o 


-t2   =    0, 


^4    =    0, 


Xi 


0. 


These  equations  can  be  translated  into  an  equivalent  circuit  in  which 
the  effect  of  the  equalizing  tube  may  be  inserted  as  a  shunt  enabling 
the  impressed  force  to  enter  the  case  and  to  reach  the  diaphragm  after 
passing  through  numerous  circuit  elements. 

The  voltage  generated  in  the  coil  due  to  its  motion  in  an  air  gap  of  a 
permanent  magnet  is  proportional  to  .to  the  velocity  of  the  coil.     Hence 

ei  {Ao) 


the  expression  should  be  solved  for  the  expression 


,  ,     ,  =  Z.     If  /  is 

Xo  (^-1) 

the  length  of  the  wire  in  the  coil,  B  the  flux  density  in  the  gap,  then  the 
voltage  generated  in  the  coil  is 

V  =  BIxo 

Ble,  {A,) 


Z    (^-1)' 
and  since  d  =  pA^i  where  p  is  the  pressure  we  have  finally 
V      BlAo 


P        z 

The  response  in  db  is  equal  to 


10~^  volts  per  bar. 


17  =  20  logio 


BlAo 


IO- 


CS) 
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This  cjuantity  when  plotted  against  frequency  constitutes  the  contour 
pressure  caHbration.  The  normal  incidence  field  calibration  is  found 
by  always  adding  at  any  frequency  the  larger  ordinate  of  the  curves 
representing  the  diffraction  of  a  sphere  and  of  a  flat  plate.  For  con- 
venience these  effects  shown  already  in  Fig.  6  are  given  again  in  Fig.  10 
which  also  compares  the  theoretical  with  the  experimental  response. 
We  observe  that  the  theoretical  field  calibration  is  in  good  agreement 
with  the  experimental  response. 

The  meaning  of  most  constants  used  in  evaluating  (5)  is  evident. 
Some  are  easily  calculated,  while  others  have  to  be  found  by  measure- 
ment.    The  resistance  of  the  silk  is  found  by  allowing  air  of  a  certain 
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Fig.  10 — Field  response  of  630-A  microphone  without  screen 
for  sound  incident  normally  to  diaphragm. 


volume  velocity  to  flow  through  it  and  by  measuring  at  the  same  time 
the  pressure  drop  across  the  resistance.^  The  mass  of  the  silk  is  found 
by  impedance  measurements.^  To  find  the  equivalent  mass  of  the  coil 
slot  is  somew^hat  difficult  since  it  consists  of  the  mass  of  the  slot  plus  a 
certain  mass  under  the  dome  and  under  the  outer  annulus.  If  the 
separations  between  diaphragm  and  magnet  structure  are  large  the 
problem  becomes  much  simpler  since  only  the  mass  in  the  coil  slot 
needs  to  be  considered.  The  velocity  in  the  slot  varies  along  its  width 
and  for  any  point  is  given  by 


^.  ^  \dpZ{Z-h) 
fx  dx  2 


(6) 


where  Z  is  the  distance  from  the  side  wall  of  the  slot  to  the  point  in 
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ciuestioii,  //  is  the  width  of  the  slot,  r-  is  the  pressure  gradient  and  ^  is 

ox 

the  coefficient  of  viscosity  of  air  J     If  m  is  the  mass  per  unit  volume,  the 

kinetic  energy  for  a  unit  length  of  the  slot  and  for  a  unit  length  along 

the  circumference  is 

'^'(^  r  "^''iz.  (7) 


1  r"m  I  d 

2  Jo    ^'U 


K.E.  =^   1-1^ 

dx 


The  same  kinetic  energy  expressed  in  terms  of  the  average  linear  ve- 
locity and  the  effective  mass  of  the  whole  width  is 


K.K.  =  -^  nir 


2  "-..2 


h_ 

12 


dp 
dx 


(8) 


Comparing  the  integrated  expression  of  (7)  with  (8)  we  find  that  the 
ratio  of  the  effective  mass  to  the  physical  mass  in  the  slot  is  _ ,  that  is 

m2  =  c  mass  of  two  slots. 

Knowing  the  average  linear  velocity  in  the  slot  it  is  quite  simple  to 
calculate  the  mechanical  resistance  as 

24  /x  ItD 
''  =  ^h 

If  the  diameter  of  the  coil  is  large  compared  to  the  air  passages  then  D 
can  be  taken  to  be  the  diameter  of  the  coil. 

The  constants  Tq  and  Sq  can  be  found  from  the  location  and  magnitude 
of  the  resonant  peak  when  the  diaphragm  is  not  damped  by  any  ex- 
ternal resistance.  In  making  such  measurements  it  was  found  that  ro 
was  a  function  of  frequency.  It  is  sufficient,  however,  to  choose  an 
average  value  because  ro  is  usually  small  as  compared  to  the  resistance 
of  the  damping  ring,  mo  is  again  calculated  from  a  consideration  of  the 
kinetic  energy.  If  the  diaphragm  behaves  like  a  simple  piston  the 
dome-shaped  center  portion  will  have  the  same  velocity  at  all  points. 
For  the  annulus  we  may  assume  parabolic  deflection.  The  inner 
region  plus  the  effective  mass  of  the  outer  annulus  make  up  mo. 

When  w^e  consider  the  grid  we  again  make  the  assumption  that  the 
air  in  the  holes  moves  like  a  slug,  and  that  the  frictional  losses  due  to  the 
walls  can  be  neglected.  Even  the  impedance  due  to  the  effective  mass 
of  the  slug  itself  is  less  important  than  its  radiation  impedance.  Since 
the  latter  is  a  function  of  frequency  it  is  necessary  to  change  r-i  and 
w_i  for  each  frequency  which  is  being  considered.     An  account  of  a 
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similar  problem  can  be  found  in  I.  B.  Crandall's  "Theory  of  Vibrating 
System  and  Sound"  and  therefore  will  not  be  considered  here.* 

In  order  to  evaluate  the  constants  of  the  narrow  tube  used  to  increase 
the  low-end  response  we  must  investigate  the  discriminant  kr.  If  \kr\ 
lies  between  the  limits  +  1  and  +  10  then  the  mechanical  impedance 
for  a  tube  of  length  /  and  area  At  ^^  given  by 

^  _  nk^Arl  * 


1  _  1  llitl 
kr  Jo  {kr)  _ 


where  k  =  a  / ,  «  =  a  / —  .  ^  the  radius  of  tube  and  p  is  the  density 

of  air.  Ji  (kr)  and  Jo  {kr)  are  Bessel's  functions  of  first  and  zero  order 
respectively  with  complex  argument.  Substituting  for  the  values  of  k 
and  expressing  Jo  and  Ji  in  terms  of  ber  and  bei  functions  we  have  ^ 

Z  =  ^ 


ipwA  tI 

1  - 

2   ^   ber'  nr  +  i  bei'  nr 

nr  ^^  —  bei  nr  +  i  ber  nr 

If  values  of  this  impedance  are  plotted  it  will  be  found  that  the  re- 
sistance and  mass  components  vary  again  with  frequency.  It  is  there- 
fore necessary  to  use  a  new  value  for  rr  and  nir  for  each  frequency  when 
the  response  of  the  network  is  calculated. 

APPENDIX  B 

The  "pressure  calibration"  of  the  miniature  condenser  microphone  is 
measured  on  the  thermophone,  but  the  field  calibration  must  also  be 
determined  very  carefully.  The  field  correction  to  be  applied  to  this 
thermophone  calibration  is  made  up  of  two  factors,  (1)  the  diffraction 
effect  of  the  microphone  and  (2)  the  resonance  of  the  small  cavity  in 
front  of  the  diaphragm.  The  latter  has  been  calculated  carefully  and 
checked  experimentally  (Fig.  11). 

The  condenser  microphone  itself  was  used  to  determine  its  own 
diffraction  effect.  This  is  possible  because  of  the  verified  theoretical 
law  giving  the  diffraction  effect  to  be  a  function  of  the  product  of  the 
diameter  and  frequency.  For  example,  the  diffraction  effect  that 
occurs  at  2,000  cycles  for  a  6-inch  disc  will  occur  for  a  1-inch  disc  at 
12,000  cycles.  Since  the  diffraction  effect  of  the  small  condenser 
microphone  is  essentially  that  of  a  cylinder  of  the  same  diameter,  it  was 
only  necessary  to  measure  the  effect  of  a  large  cylinder  in  a  frequency 
*  Reference  8,  p.  237. 
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range  where  the  disturbance  caused  by  the  test  micro])hone  is  negli- 
gible. This  was  acc()nii)lished  by  setting  the  niicr()})hon('  flush  into  the 
face  of  the  obstacle  when  obtaining  the  disturbed  sound  pressure. 
Then  by  the  simple  law  given,  this  diffraction  effect  was  applied  to  the 
micrt)phone  itself  and  is  shown  in  Fig.  11.  The  resultant  normal 
incidence  field  calibration  for  the  small  condenser  microphone  is  shown 
in  the  same  figure. 
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Fig.  11 — Response  and  diffraction  of  miniature  condenser  microphone. 
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Oscillations  in  Systems  with  Non-Linear  Reactance 

By  R.  V.  L.  HARTLEY 

A  theoretical  study  is  presented  of  the  properties  of  a  condenser,  one 
plate  of  which  is  free  to  vibrate,  when  it  is  included  in  a  circuit  containing  a 
generator,  the  frequency  of  which  is  higher  than  the  resonant  frequency  of 
the  plate  and  unrelated  thereto.  It  is  shown  that  the  plate  may  be  main- 
tained in  oscillation  at  a  frequency  at  or  near  its  mechanical  resonance,  at 
the  expense  of  the  energy  supplied  by  the  generator,  provided  certain 
conditions  are  satisfied.  The  most  favorable  condition  is  one  in  which  the 
plate  is  resonant  at  the  frequency  of  its  vibration  and  the  electric  circuit  is 
resonant  at  that  of  the  generator,  and  at  the  difference  between  the  generator 
and  plate  frequencies,  and  is  anti-resonant  at  their  sum.  Under  these 
conditions  the  generator  voltage  must  exceed  a  threshold  value  determined 
by  the  impedances  and  frequencies.  This  threshold  voltage  increases  as  the 
conditions  become  less  favorable.  Expressions  are  given  for  the  values  of 
the  oscillations  as  functions  of  the  voltage  when  the  threshold  is  exceeded. 
When  the  sum  frequency  is  absent,  the  energies  dissipated  at  the  plate  and 
difference  frequencies  are  in  the  ratio  of  the  two  frequencies. 

The  oscillations  described  represent  a  special  case  of  a  class  of  similar 
oscillations,  all  of  which  depend  on  the  presence  of  a  non-linear  reactance. 
Another  special  case  is  a  molecular  model  capable  of  reproducing  the  main 
features  of  the  Raman  effect. 

Introduction 

A  TYPE  of  free  oscillation  has  been  found  to  occur  in  non-linear 
coupled  systems,  which  differs  from  the  ordinary  type  in  that 
the  supporting  energy  is  drawn  from  an  alternating  sustained  source, 
rather  than  from  a  constant  source,  as  in  the  ordinary  vacuum  tube 
oscillator.  The  particular  example  of  such  oscillations  to  be  described 
here  occurs  in  an  electric  circuit  containing  a  condenser,  one  plate  of 
which  is  elastically  supported  so  as  to  constitute  a  mechanically 
resonant  system. 

The  possibility  of  such  oscillations  in  a  circuit  of  this  kind  was 
discovered  ^  in  the  course  of  a  theoretical  study  of  the  possible  use  of 
a  moving  plate  condenser  as  a  modulator  in  a  carrier  system.  Such 
use  was  suggested  by  the  fact  that,  in  a  condenser,  the  mechanical 
force  on  the  plate  is  proportional  to  the  square  of  the  charge.  In 
this  study,  it  was  assumed  that  a  generator  of  alternating  electromotive 
force  of  a  relatively  high  carrier  frequency  was  connected  with  the 
condenser  terminals,  and  an  alternating  mechanical  force  of  a  relatively 
low  frequency  (corresponding  to  a  Fourier  component  of  a  speech 
wave)  was  applied  to  the  movable  plate  of  the  condenser.  The  plate 
was  not  assumed  to  be  resonant.     The  non-linear  relations  between 

'  Hartley;  Phys.  Rev.,  Vol.  ii,  p.  289,  February,  1929. 
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charge  and  mechanical  (Hsplacement  then  give  rise  to  currents  of  the 
combination,  or  sideband  frequencies.  Among  the  properties  of  the 
system  which  were  studied  was  the  reaction  of  the  jilate  on  the  me- 
chanical "generator."  This  was  expressed  as  a  mechanical  impedance, 
i.e.,  the  complex  ratio  of  the  alternating  force  to  the  alternating 
velocity. 

The  expression  for  this  mechanical  impedance  was  found  to  include 
a  negative  resistance,  which  under  certain  conditions  became  equal  to 
the  positive  resistance  representing  the  remainder  of  the  system.  It 
was  evident,  therefore,  that,  under  these  conditions,  oscillations  of  the 
frequencies  involved  could  persist  in  the  absence  of  any  external 
driving  force  on  the  plate.  The  existence  of  such  oscillations  was  first 
verified  experimentally  by  Mr.  E.  Peterson.  This  and  a  quantitative 
experimental  study  of  the  phenomenon  are  described  in  an  accom- 
l)anying  paper.^  Oscillations  of  the  same  general  type,  associated 
with  iron  core  coils,  had  been  predicted  much  earlier  by  the  writer 
and  discovered  independently  by  Mr.  E.  T.  Burton. ^ 

However,  what  happened  once  the  threshold  condition  was  passed, 
was  not  apparent  from  this  analysis.  The  answer  to  this  question 
was  found  by  assuming  the  existence  of  the  oscillations,  computing 
their  values,  and  determining  under  what  conditions  the  values  are 
real.     Both  methods  will  be  employed  in  what  follows. 

Representation  of  the  System 

In  the  analysis  it  will  be  assumed  that,  except  for  the  non-linearity 
associated  with  the  electromechanical  coupling,  the  law  of  superposition 
holds  throughout.  This  means  that  all  parts  of  the  system  other  than 
the  coupling  may  be  represented  by  linear  impedances,  of  the  form 

Z  =  i?  +  ?X  =  Ze^^.  (1) 

"Linear,"  as  here  used,  means  that  the  impedance  is  independent  of 
the  magnitudes  of  the  oscillations. 

If  then  the  plate  has  an  alternating  velocity  of  magnitude  F,„  and 
phase  dm,  we  represent  it  by  Vme'""".  The  resultant  of  all  the  linear 
restoring  forces  may  be  represented  by  a  force  Z,„Fme'^*"""^*'"^-  All  of 
the  quantities  involved  will,  in  general,  be  functions  of  the  frequency. 
Similarly  a  current  leC'^'  will  be  accompanied  by  a  counter  electro- 
motive force  Z,/ee*('^^+*'\  where  Ze  is  the  impedance  of  the  connected 
electric  circuit  in  series  with  that  of  the  condenser  with  its  movable 
plate  at  rest  in  the  position  of  zero  displacement. 

^Hussey,  L.  W.  and  Wrathall,  L.  R.;  "Oscillations  in  an  Electromechanical 
System"  in  this  issue  of  the  Bell  Sys.  Tech.  Jour. 

*  Peterson,  E.;  Bell  Laboratories  Record,  P'eb.,  1929,  p.  231. 


426  BELL   SYSTEM   TECHNICAL   JOURNAL 

To  evaluate  the  non-linear  forces,  consider  a  parallel  plate,  air 
condenser  of  area.  A,  and  normal  separation,  xq,  one  plate  of  which  is 
fixed  and  the  other  of  which  is  free  to  move  under  the  action  of  linear 
restoring  forces.  Let  the  movable  plate  be  displaced  a  distance,  x,  in 
a  direction  to  increase  the  separation,  and  let  a  charge,  q,  be  put  on 
the  plates.  Then  it  can  easily  be  shown  that  the  static  forces  tending 
to  oppose  the  displacements  are 

=  Sx  +  Kq\  (2) 

e  =  I  +  2Kxq,  (3) 

where  5  is  the  stiffness  of  the  constraints  on  the  plate;  C  is  the  capaci- 
tance, in  electrostatic  units,  when  x  is  zero;  and 

i^  =  ^  (4) 

is  a  quantity  which  will  be  referred  to  as  the  constant  of  non-linearity. 

The  first  terms  of  (2)  and  (3)  represent  components  of  the  forces 
which  were  represented  above  by  the  mechanical  and  electrical 
impedances  respectively.  Hence  only  the  last  terms  need  be  used  in 
expressing  the  electromechanical  coupling. 

We  shall  assume  that  there  is  connected  in  series  with  the  condenser 
and  its  associated  electric  impedance,  a  generator  of  negligible  internal 
impedance,  which  provides  an  alternating  electromotive  force,  Cg,  of 
amplitude.  Eg,  and  frequency,  oig,  in  radians  per  second.  The  phase  of 
this  generator  will  arbitrarily  be  taken  as  zero. 

For  the  first  part  of  the  analysis,  we  shall  assume  that  there  is  an 
alternating  force, /„,  exerted  on  the  plate  by  a  "mechanical  generator," 
which  has  an  amplitude,  Fm,  frequency,  a)„,  and  phase,  \pm.  We  shall 
investigate  the  impedance  offered  to  this  force  in  the  resulting  condition 
of  forced  oscillation.  In  the  second  part,  the  mechanical  generator 
will  be  omitted,  and  the  free  oscillations  investigated.  It  is  first 
necessary,  however,  to  determine  what  frequencies  need  be  considered. 

Possible  Frequencies 

With  the  system  just  described  there  will  be  developed  oscillations, 
the  frequencies  of  which  constitute  an  infinite  series.  It  will  therefore 
be  necessary  to  introduce  limiting  assumptions.  First  let  us  consider 
what  frequencies  may  be  present  in  the  system.  In  doing  this  it  must 
be  recognized  that  the  conventional  use  of  complex  quantities  is  not 
justified  when  the  system  is  non-linear.  This  difficulty  is  avoided 
and  the  advantages  of  the  complex  exponential  notation  are  retained 
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if  we  use  the  complete  exponential  expressions  for  the  tiigtjnietric 
functions,  since  these  are  real. 

Accordingly  we  shall  call  the  electromotive  force  of  the  generator 

^.  =f  [e'"'''  +  ^-'""'].  (5) 

We  shall  assume  that  this  is  accompanied  by  an  alternating  current, 

ig  =  ^^  [^'(".'+9.)  -f  e-'(«,(+M].  (6) 

\\c  shall  call  the  force  exerted  by  the  mechanical  generator 

and  the  acc()mi)anying  alternating  velocity 

Vm    =  -^  [g '(--'+«".)    +   g- '{"",'+<'-.'].  (8) 

When  the  corresponding  displacements,  obtained  liy  integration  of  (6) 
and  (8),  are  substituted  in  the  last  term  of  (3),  the  resulting  electro- 
motive force  is  found  to  consist  of  components  of  frequencies. 

Ws    =    Wg    +    Wm,  (9) 

COd    =    COg    —    C0„,,  (10) 

which  tend  to  set  up  currents  at  the  frequencies  of  the  sidebands. 

If  such  currents  flow  and  we  substitute  the  charges  associated  with 
them,  together  with  that  from  (6),  in  the  last  term  of  (2),  we  find,  in 
the  force  on  the  plate,  components  of  frequency  Wm,  and  a  variety  of 
other  frequencies  including  zero,  i.e.,  a  steady  force.  If  these  produce 
displacements  which  are  again  substituted  in  (2),  and  the  process  is 
continued,  we  arrive  finally  at  the  entire  series  of  frequencies  given  by 
mwg  ±  noom,  where  m  and  n  are  integers. 

We  shall  now  introduce  the  limiting  assumption  that  the  plate  is 
resonant  at  or  near  cj^,  and  not  at  any  other  frequency.  The  im- 
pedance at  that  frequency  will  then  be  small  and  the  response  to  the 
driving  force  at  that  frequency  relatively  large.  At  the  frequencies  of 
all  the  other  components  of  the  force  the  mechanical  impedance  will 
be  relatively  very  high ;  and  we  will  not  be  making  a  violent  assumption 
if  we  say  that  it  is  so  high  that  the  velocities  of  response  at  all  the 
other  frequencies  are  negligible.  [There  may  be  some  response  to  the 
steady  force,  consisting  of  a  slight  change  in  the  position  of  equilibrium 
about  which  the  vibrations  occur.  This  can  be  taken  care  of  by 
saying  that  the  coefficients  in   (2)  and   (3),  while  constant  for  any 
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particular  condition  of  sustained  oscillation,  vary  slightly  with  the 
magnitude  of  the  oscillations. 3  With  this  assumption  the  frequencies 
of  the  components  of  the  electromotive  force  reduce  to  a)„  ±  wco,,,. 

If  the  electric  circuit  is  resonant  at  any  of  these  frequencies,  we 
may  as  above  neglect  the  currents  at  other  frequencies.  In  the 
absence  of  any  resonance,  if  the  constant  of  non-linearity,  K,  is 
sufficiently  small,  the  amplitudes  will  decrease  so  rapidly  with  in- 
creasing n  that  we  may  neglect  all  for  which  n  is  greater  than  unity. 
In  the  interests  of  simplicity  we  shall  make  all  of  these  assumptions. 
We  have  then  in  addition  to  i„  and  F,„  the  currents, 

i^  =  ^  [e'(c-.(+0»)  _|_  g---:(a,.,+e.)-]^  (-11) 

ij  =  y  [g'("./(+o^)  +  e-'(o>.it+B.i)j  (12) 

Forced  Oscillations;  Impedance  Solution 

We  wish  to  set  up  the  equations  of  motion  in  terms  of  the  applied 
forces,  the  velocities  and  currents  at  the  various  frequencies,  and  the 
properties  of  the  system,  as  expressed  in  terms  of  its  linear  impedances 
and  the  constant  of  non-linearity,  K.  For  each  frequency,  we  equate 
whatever  applied  force  there  may  be  to  the  sum  of  the  restoring  forces 
due  to  the  system.  These  consist  of  a  component  given  by  the 
product  of  the  velocity  or  current  by  the  impedance  for  the  particular 
frequency,  and  other  terms  due  to  the  combination  of  pairs  of  the 
other  frequencies.  To  find  these  latter  components,  we  integrate  (6), 
(8),  (11)  and  (12)  with  respect  to  time,  substitute  the  resulting  dis- 
placements in  the  last  terms  of  (2)  and  (3),  and  select  the  components 
of  the  four  significant  frequencies,  for  insertion  in  their  appropriate 
equations.  Once  these  components  are  obtained,  we  may,  since  the 
remainder  of  the  system  is  linear,  safely  revert  to  the  conventional 
use  of  exponentials,  so  that  the  factor  e'"'  may  be  divided  out  for  each 
equation.     The  final  result  is 

ZJ,e^^»o+<P<,)  +  ^Ijuli  gue.-e.,)  _  ^1j^  ^,(0,n+Ba)  =  Eg,  (13) 

Z„F„e'('''"+^"'>  +  ^^^  g'(9.-9»)  +  ^LiIj  g>(0„-e,)  ^  F„,e'^"',     (14) 

^j^g,(9.,+^,)  _  ^^llhl  eue,+e,n)  =  q,  (15) 

KT  V 

Zdde^'''^^'^  +        "       ^.(e^-fl".)  =  0.  (16) 


( 
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These  equations  are  of  the  second  degree  and  so  are  not  so  simple 
of  solution  as  are  the  linear  equations  of  circuit  theory  which  they 
formally  resemble.  We  note,  however,  that  if,  in  the  last  three,  we 
assume  7„  and  0„  to  l)e  constant,  they  become  linear.  We  may 
therefore  solve  them  as  linear  equations,  with  this  assumption,  provided 
we  bear  in  mind  that  the  resulting  impedances  will  not  be  linear  unless 
the  oscillations  are  so  small  that  the  second  and  third  terms  of  (13) 
can  be  neglected  compared  with  the  first. 

Let  us  make  this  assumption  and  explore  the  properties  of  the 
resulting  linear  system  represented  by  (14),  (15)  and  (16).  If  we 
calculate  F„,e'*"'  and  take  the  ratio  F„,e''>""IVme'^'",  this  will  be  the 
analog  of  the  impedance  of  an  analogous  electric  circuit  as  measured 
in  the  mesh  corresponding  to  vibration  of  the  plate  at  frequency  co^. 
This  ratio,  which  we  shall  call  ZJ,  may  be  thought  of  as  the  me- 
chanical impedance  of  the  plate  when  the  circuit  is  activated  by  the 
electrical  generator.  Following  circuit  theory,  as  applied  to  vacuum 
tubes,  let  us  call  Zm'  the  active  impedance  of  the  plate,  and  Z,„  the 
passive  impedance.  The  value  of  the  active  impedance,  when  ex- 
pressed in  terms  of  resistances  and  reactances,  is  found  to  be 

ZJ  =  {R,n  +  iX„0  + 

(17) 

We  see  that  the  active  impedance  differs  from  the  passive  impedance 
by  two  terms,  each  of  which  represents  the  efTect  of  the  impedance 
of  the  electric  circuit  at  one  of  the  side  frequencies.  The  second  term 
of  (17),  which  depends  on  the  impedance  at  the  sum  frequency,  is 
identical  in  form  with  the  impedance  added  to  an  electric  circuit, ■•  at 
a  frequency,  co,  by  a  transformer  of  mutual  inductance,  M,  provided 
that 

MW  =  -4-^^ ;  (18) 

the  impedance  of  the  secondary  circuit  is  equal  to  Zs',  and  the  re- 
actances of  the  primary  and  secondary  w^indings  are  included  in  X„ 
and  Xs,  respectively.  The  third  term  which  depends  on  the  im- 
pedance of  the  electric  circuit  at  the  difference  frequency,  is  similar 
except  that  the  effective  resistance  is  negative. 

It  is  this  negative  resistance  which  makes  possible  the  type  of  free 
oscillations  here  described.     To  interpret  it,  let  us  start  with  the  small 

*  Bush,  v.;  "Operational  Circuit  Analysis,"  John  Wiley  &  Sons,  Inc.,  1929,  p.  50, 
Eq.  (66). 
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z/ 
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applit'd  force,  fm,  actinjj  on  the  plate,  with  the  voltage  of  the  electric 
generator  zero.  The  velocity  of  the  p\aU'  vibration  is  then  determined 
by  its  passive  impedance  alone.  Let  us  assume  for  the  time  being 
that  the  impedance,  Z,,  of  the  electric  circuit  at  the  sum  frequency  is 
infinite,  so  that  its  effect  on  the  active  impedance  of  the  plate  dis- 
appears. Let  us  make  (pd  equal  to  (pm,  and  gradually  increase  the 
generator  voltage.  As  //  increases,  the  negative  impedance  increases, 
the  total  impedance  decreases  and  the  velocity,  Vm,  increases.  This 
condition  is  analogous  with  the  behavior  of  the  input  impedance  of  a 
regeneratively  connected  amplifier  when  the  plate  current  is  progres- 
sively increased  from  zero.  At  a  threshold  value  of  Ig,  the  net  im- 
pedance becomes  zero  and  the  velocity  infinite.  This  means  that  a 
finite  velocity  can  exist  for  an  infinitesimal  driving  force,  that  is,  the 
oscillations,  once  started,  are  self-sustaining,  even  in  the  absence  of 
any  sustained  driving  force, /«,  at  the  mechanical  frequency. 

If  we  make  the  electric  impedance,  Zd,  at  the  difference  frequency 
infinite,  all  the  resistances  are  positive;  so  sustained  oscillations  cannot 
occur,  in  a  dissipative  system,  in  the  absence  of  current  at  the  difference 
frequency.  If  both  side  frequencies  are  present,  so  that  Zg  and  Zd 
are  both  finite,  sustained  oscillations  are  still  possible  provided  the 
impedance  at  the  sum  frequency  is  not  too  small  compared  wath  that 
at  the  difference  frequency.  The  presence  of  current  at  the  sum 
frequency  always  increases  the  critical  value  of  the  current  at  the 
generator  frequency. 

We  may  also  compute  the  active  impedance  of  the  electric  circuit  at 
the  side  frequencies,  on  the  same  assumption  as  to  the  constancy  of 
the  current  of  generator  frequency  as  was  made  in  deriving  (17). 
To  do  this,  we  remove  the  mechanical  generator,  making  the  right 
member  of  (14)  zero,  and  insert  low  measuring  voltages  of  frequencies 
coj  and  cod  in  the  right  members  of  (15)  and  (16),  in  turn.  In  each 
case  we  compute  the  ratio  of  this  voltage  to  the  accompanying  current. 
If  we  think  of  each  frequency  as  being  the  analog  of  a  mesh  in  an 
electric  circuit,  we  note  that  the  mesh  corresponding  to  the  mechanical 
frequency  is  coupled  to  both  of  the  side  frequencies;  but  the  latter  are 
not  directly  coupled  to  each  other.  If  the  mutual  impedances,  which 
depend  on  /„,  are  small  enough,  we  may,  for  a  generator  at  the  sum 
frequency,  neglect  the  third  term  of  (14),  which  represents  the  effect 
of  the  loosely  coupled  difference  frequency  mesh,  compared  with  the 
first.     The  active  impedance  at  the  sum  frequency  then  becomes 

Z/  =  (7?,  +  iX..)  +  -^-^^  •  '"'"  „  ,     "  •  (19) 

CO,,   COmW.,  Am 
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If  the  third  term  of  (14)  is  not  neglected  we  must  replace  Zm  in  (19), 
by  the  first  and  third  terms  of  (17),  that  is.  by  the  impedance  of  the 
mechanical  fre(|uency  mesh,  as  modified  by  its  coupling  with  the 
difTerence  frequency  mesh. 

Similarly,  when  the  measuring  generator  is  of  the  difference  fre- 
quency, we  get 

JC2T  2         _   /?      _  jX 

Z,'  =  (R,  +  iX,)  +  -^ %  ,  '^-  ,  (20) 

where  Zm  is  to  be  replaced  by  the  first  and  second  terms  of  (17),  if 
the  second  term  of  (14)  is  not  neglected. 

The  active  impedance  at  the  difTerence  frequency  (20)  contains  a 
negative  resistance  similar  to  that  which  appeared  at  the  mechanical 
frequency  (17).  In  fact,  if  the  passive  impedance,  Zj,  at  the  sum 
frequency  is  infinite,  the  expressions  for  the  two  active  impedances 
are  symmetrical.  The  active  impedance  at  the  sum  frequency  contains 
only  positive  resistances,  except  in  so  far  as  the  resistance  of  the 
mechanical  mesh  is  made  negative  by  its  coupling  with  the  difference 
mesh.  This  serves  to  emphasize  the  fact  that  the  presence  of  current 
of  the  difference  frequency  is  essential  to  the  oscillations,  while  that  of 
current  of  the  sum  frequency  tends  to  make  their  production  more 
difficult. 

Free  Oscillations 

In  the  above  considerations  it  was  assumed  that  the  amplitudes  at 
all  of  the  new  frequencies  were  small  compared  with  that  at  the  genera- 
tor frequency.  While  this  assumption  permits  us  to  compute  the 
threshold  conditions  for  the  starting  of  free  oscillations,  it  is  violated  as 
soon  as  the  oscillations  become  appreciable.  In  order  to  find  out  what 
happens  once  the  threshold  is  passed  it  is  necessary  to  solve  the  second 
degree  equations  (13)  to  (16)  w^hen  Fm  is  made  zero.  The  presentation 
of  this  solution  will  be  simplified  by  considering  first  the  case  where 
the  sum  frequency  is  eliminated  and  then  the  effect  of  its  presence  on 
the  simpler  solution. 

The  elimination  of  the  sum  frequency  is  accomplished  by  making  Z^ 
infinite  and  Is  zero.  This  makes  the  second  terms  of  (13)  and  (14) 
zero,  and  makes  (15)  indeterminate.  We  are  left  then  with  (13),  (14), 
as  modified,  and  (16).  The  equations  for  the  mechanical  and  difference 
frequencies  are  now  symmetrical.  In  order  to  solve  these  equations 
we  express  the  exponentials  in  terms  of  sines  and  cosines  and  equate  the 
real  and  imaginary  parts  separately.  In  the  equations  derived  from 
(14)  and  (16)  we  transpose  the  second  term  in  each  equation  to  the  right 
member.     For  each  pair  we  divide  the  equation  containing  sines  by 
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that  containinj?  cosines  and  obtain  a  relation  between  the  angles  in- 
volved. We  square  each  equation  of  a  pair,  and  add  them  to  obtain 
a  relation  between  the  magnitudes  of  velocities  and  currents,  the  im- 
pedances, and  the  frequencies.  From  these  it  follows  that  ly  is  a 
constant.  By  means  of  these  relations  the  equations  derived  from  (13) 
may  be  reduced  to  a  form  where  the  only  variables  are  Eg,  Vm  and  dg, 
and  the  constant,  /„,  appears  only  as  a  divisor  of  Eg.  These  equations 
are  then  squared  and  added  to  give  an  equation  which  determines  Vm- 
The  final  solution  takes  the  form 


<Pm    =    ^d, 


(21) 


/,  =  ^  [Z„,a;,„Z.a;,,]'/2, 


Vm    =    ^        ZdCx^rlZgOJ,,   i     —    COS    (sPm    +    (ffi) 


sin^  {ip„,  +  ip,i) 


n 


/./  = 


ZmO^d 


V 


'here 


Z  I 

COS  a  =  ^r-^sin  (^„  +  ifg), 


and  the  sign  in  (25)  is  so  chosen  that 


and 


TT  „  TT 


+  0d=  a  +  7r±2. 


(22) 

,  (23) 
(24) 
(25) 

(26) 

(27) 
(28) 


where  the  same  sign  is  to  be  taken  for  7r/2  as  in  (25). 

The  nature  of  the  variation  represented  by  (23)  is  shown  in  Fig.  1, 
which  is  taken  from  the  accompanying  experimental  paper. ^  Here  the 
amplitude,  Fm/co„,,  of  the  plate  displacement  is  plotted  against  the 
generator  voltage.  Eg,  for  the  case  of  exact  resonance  and  for  one 
involving  a  slight  departure  from  resonance. 

Let  us  interpret  these  results  physically.  The  phase  angles  in  (21) 
depend  only  on  the  physical  constants  of  the  system  and  the  frequen- 
cies of  the  oscillations.  This  equation,  therefore,  determines  at  what 
frequencies  oscillations  may  occur  provided  the  other  conditions  are 
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siitisficd.  Thus  the  ratio  of  reactance  to  resistance  must  he  the  same 
for  the  plate  at  co,„  and  for  the  electric  circuit  at  w,i-  This  condition  is 
satisfied  if  each  is  resonant  at  its  ])articular  fre(iuency,  but  resonance  is 
not  a  necessary  condition.  All  that  is  necessary  is  that  there  be  a  pair 
of  frequencies,  whose  sum  is  equal  to  that  of  the  electric  generator, 
for  which  the  impedances  have  the  same  phase  ant^le.  If  there  are  an 
electric  and  a  mechanical  resonance  such  that  the  sum  of  the  resonant 
freciuencies  is  nearly  equal  to  the  generator  frequency,  and  there  is  a 
marked  difference  in  the  sharpness  of  the  two  resonances,  then  the 
oscillations  will  fall  closer  to  the  sharper  resonance.  This  is  due  to  the 
fact  that  the  phase  angle  of  the  impedance  changes  more  rapidly  with 
frequency  in  the  neighborhood  of  a  sharp  resonance. 

From  (22)  we  see  that  the  amplitude  of  the  current  at  the  generator 
frequency  depends  only  on  this  frequency,  the  constants  of  the  system, 
and  the  new  frequencies.     It  is  independent  of  the  amplitude  of  the 
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Fig.  1 — Alternating  displacement  of  plate  as  a  function  of  generator  voltage. 

generator  voltage,  of  the  amplitudes  of  the  new  frequencies,  and  of  the 
impedance  of  the  electric  circuit  at  the  generator  frequency.  This 
equation,  while  it  tells  us  what  happens  when  the  oscillations  are 
present,  tells  us  nothing  about  the  conditions  for  their  existence. 
These  are  to  be  found  by  noting  under  what  conditions  the  expression 
(23)  for  the  amplitude  at  the  new  frequency,  co^,  is  real.  We  have  two 
cases  to  consider  which  are  determined  by  the  sign  of  cos  {<pm  +  <P(i)- 

Assume  first  that  this  is  positive,  as  would  be  the  case  if  the  plate  is 
resonant  at  co^  and  there  is  any  dissipation  at  Ug,  such  as  would  be 
caused  by  resistance  in  the  electric  circuit.  The  first  term  in  (23)  is 
negative  and  V^  can  be  real  only  if  the  second  term  exceeds  it  in  abso- 
lute value.     This  condition  reduces  to 


Eg      >     Zgig      = 


^  [Z,„a;„,Z.co,]i/2. 


(29) 


This  shows  that  there  is  a  threshold  value  of  the  generator  voltage, 
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above  which  the  new  oscillations  are  possible.  (It  is  found  to  agree 
with  that  obtained  by  the  negative  resistance  method.)  Moreover, 
this  value  is  that  which  is  just  necessary  to  maintain  an  electric  cur- 
rent, of  the  generator  frequency,  in  the  absence  of  the  new  frequencies, 
with  an  amplitude  equal  to  the  constant  amplitude  that  exists  in  the 
presence  of  the  new  frequencies.  For  values  of  Eg  large  compared  with 
the  threshold  value,  the  amplitudes  of  the  new  frequencies  increase 
nearly  as  the  square  root  of  the  amplitude  of  the  generator  voltage. 

In  the  special  case  of  resonance  at  both  co„  and  wd,  Z„  and  Zd  tend 
to  be  small  and  so  from  (24)  the  threshold  voltage  is  correspondingly 
small.  This  therefore  is  a  particularly  favorable  condition  for  the 
production  of  the  oscillations. 

The  case  where  cos  (^m  +  ^g)  is  negative  occurs  when  all  of  the 
three  impedances  are  predominantly  reactive,  the  reactances  being  all 
of  the  same  sign.  The  first  term  of  (23)  is  then  positive  and  Vm  will 
be  real  if  the  second  term  is  positive,  as  it  will  be  if 

Eg  >  Zglg\sm  {ip„  +  ^„)  I .  (30) 

For  this  case,  then,  the  threshold  amplitude  of  the  generator  voltage 
may  be  much  less  than  that  required  to  maintain  the  current  at  the 
constant  amplitude,  Ig,  in  the  absence  of  the  new  frequencies. 

In  the  extreme  case  where  there  is  no  dissipation  and  the  phase 
angles  of  the  impedances  are  all  ±  7r/2,  the  threshold  voltage  reduces 
to  zero  and  so  sustained  oscillations  are  possible  in  the  absence  of  any 
generator.  (23)  and  (24)  then  reduce  to  forms  symmetrical  with  (22). 
This  means  that  for  such  a  system  the  frequencies  would  be  determined 
by  the  constants  of  the  system  and  the  amount  of  energy  present, 
since  this  would  limit  the  possible  amplitudes. 

There  is  some  question  as  to  the  sign  to  be  given  to  the  inner  radical 
in  (23).  When  cos  {(pm  +  ^Pg)  is  positive  the  plus  sign  must  be  used. 
When  it  is  negative  the  plus  sign  must  be  used  if  Eg  is  greater  than  Zglg. 
If  Eg  is  between  this  and  the  threshold  given  by  (30),  either  sign  gives  a 
real  value  for  the  amplitude.  When  the  sign  is  negative  the  amplitude 
decreases  with  increasing  voltage,  which  appears  to  be  an  unstable 
condition. 

Regarding  the  phases,  the  condition  represented  by  (27)  is  imposed 
because  the  energy  flow  must  be  from  the  generator  to  the  circuit. 
Only  the  sum  of  the  phases  of  the  new  oscillations  is  determined. 
Their  individual  values  depend  on  the  starting  conditions,  just  as  does 
the  phase  of  a  pendulum  clock. 

One  more  result  may  be  of  interest.  This  is  the  relative  rates  at 
which  energy  is  dissipated  at  the  two  new  frequencies.     If  Pm  and  Pd 
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art-  the  jiowcrs  corresponding  to  the  two  frequencies  we  have 


HZd  COS  ipd 


03d 


(31) 


Vm^Zm  COS  (p„ 

Thus  the  rate  of  energy  dissipation  is  in  the  ratio  of  the  frequencies. 

Effect  of  Sum  Frequency 

The  more  general  case  where  the  sum  frequency  is  also  present  calls 
for  the  solution  of  (13)  to  (16)  as  they  stand  except  for  F^  being  zero. 
This  may  be  done  by  substituting  the  values  of  Is  and  6^  from  (15),  and 
those  of  Id  and  dd,  from  (16),  in  (13)  and  (14),  and  proceeding  in  a 
manner  similar  to  that  used  above.     The  results  take  the  form 


where 


tan  7  = 


ZsCOs  sin  ipd  -\-  ZdOid  sin  <^s 

ZgWs  cos  (fd   —   ZdOiid  cos  (fs  ' 


(32) 
{33) 


and  the  signs  of  sin  y  and  cos  y  are  determined  by  the  numerator  and 
denominator  of  {33)  respectively; 


T    -  ^ 

"  ~  K 


where 


nCOmZdO^d 


1/2 


a  = 


Vm  = 


where 


and 


>     I    f  ZdWd  1  ^       T  ZdU)d         ,        .       N 
1  +     ^ —  [    -  2  -^ —  cos  {^d  4-  <^.) 


K 


ZdO^dZfjUfj 


(  -  cos  (5  +  <^„) 

P       \2 


^O-i  (I 


sin^  (5  +  sr„) 


1/2 


1/2 


1     + 


Z.jCOd 


+  2 


ZdCOd 


COS  ( 


<fd 


tan  8  — 


Id  = 


Zgiiif.   I  \    ZsCOs 

ZsOOs  sin  (pd  +  ZdOOd  sin  ips 


fs) 


ZsCOs  COS  <Pd  +  ZdOOd  COS  (Ps  ' 


.COrf 


ZdOOmd 


V„r, 


T    -^'^  T  • 

Is-^Id, 


?„  =  a  +  a'  ± 


2' 


(34) 
(35) 

(36) 

(37) 

(38) 

(39) 

(40) 
(41) 
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Z  I 

COS  a   =  -|r-^  sin  (6  +  <py)\ 


+  (?,/  =  a'  +  TT  ±  2  +  (5  -  ^>^  ' 


(42) 
(43) 


e„,  -  a'  ±  ^  +  (5  -  <ps 


(44) 


where  the  sign  of  7r/2  is  again  to  be  chosen  so  as  to  satisfy  (27). 

Corresponding  to  (21)  we  have  (32).  If  the  mechanical  motion 
involves  any  dissipation,  the  mechanical  resistance,  Z„,  cos  (^,„,  must  be 
positive,  and  since  Z,„  is  positive  by  definition,  cos  (p.,,,  must  be  positive. 
This  means  that  (32)  can  be  satisfied  only  if  the  denominator  of  {3S)  is 
positive.     Hence  oscillations  can  occur  only  if 


Z,i03d         cos  (fd 
Zs<Jis         cos   (Ps 


(45^ 


This  relation  can  hold  when  Z,/,  the  impedance  at  the  difference  fre- 
quency, is  infinite,  only  if  <ps  is  ±  7r/2,  that  is,  if  there  is  no  dissipation 
at  the  sum  frequency. 

To  investigate  the  relative  rates  of  dissipation  at  the  sum  and  differ- 
ence frequencies,  we  find  the  ratio  of  the  powers  Ps  and  Pa,  associated 
with  them. 


Ps 

Pd 


Zd  cos  (Ps  Ws 

Zs  COS  ifd         03d 


(46) 


Thus  the  ratio  is  always  less  than  the  ratio  of  the  frequencies  and  ap- 
proaches it  only  as  the  limiting  condition  for  oscillations  is  approached. 
A  discussion  of  all  possible  values  of  impedance  and  phase  angle  at 
the  two  side  frequencies  would  be  too  involved  to  go  into  here.  The 
special  case  of  resonance  at  both  frequencies  is,  however,  of  some 
interest  since  a  given  current  is  then  accompanied  by  a  maximum  of 
dissipation.  It  also  provides  that  co,„  coincides  with  the  mechanical 
resonance,  where  Z„(  is  much  smaller  than  for  nearby  frequencies. 
Since  Zm  enters  into  the  expression  for  the  threshold  force,  this  condi- 
tion is  particularly  favorable  for  the  occurrence  of  oscillations.  When 
we  make  ipd  and  (ps  zero  we  see  from  (45)  that  the  impedances,  now  pure 
resistances,  must  be  such  that 


ZdCOd 


<  1. 


(■i7) 
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(35)  now  becomes 

a  ^  \  -  ^ —  •  (48) 

From  (34)  it  is  evident  that  when  Z^  is  finite  the  constant  current  of 
the  generator  frequency,  and  so  also  the  threshold  voltage,  are  greater 
than  when  it  is  infinite.  Thus  the  presence  of  current  of  the  sum  fre- 
([uency  makes  the  conditions  for  oscillation  more  exacting.  As  we 
approach  the  limiting  imjiedance  ratio,  where  the  powers  approach 
the  ratio  of  their  frecjuencies,  the  threshold  v'oltage  approaches  infinity, 
and  the  probability  of  oscillations  approaches  zero. 

The  relative  powers  at  the  difference  frequency  and  at  the  mechan- 
ical frequency  are  now  given  by 

P  =        ,     "%..    ,  •  (49) 


The  presence  of  a  finite  impedance  at  the  sum  frequency  increases  this 
ratio  over  that  of  the  frequencies.  For  the  limiting  condition  of  oscilla- 
tions it  approaches  infinity,  the  amplitude  at  the  difference  frequency 
then  becoming  infinite  and  that  at  the  mechanical  frequency  remaining 
finite. 

From  these  results  it  appears  that  proportionality  between  power 
and  frequency  is  a  limiting  case  which  occurs  only  under  the  conditions 
which  are  most  and  least  favorable  for  the  existence  of  oscillations. 
We  should,  therefore,  expect  to  find  it  only  under  the  favorable  condi- 
tions where  the  transformation  of  energy  is  from  a  higher  to  a  pair  of 
lower  frequencies. 

Effect  of  Other  Frequencies 

In  the  interests  of  simplicity  the  above  treatment  was  limited  to  the 
case  where  all  but  four  frequencies  are  suppressed  by  high  impedances. 
Such  a  limitation  is  not,  however,  essential  to  the  production  of 
oscillations.  In  fact,  as  many  as  desired  of  the  series  wzw^  +  wcom  may 
be  produced  by  the  proper  choice  of  impedances  and  the  use  of  high 
enough  voltages,  provided,  of  course,  the  apparatus  can  withstand  the 
stresses  involved.  In  general,  the  presence  of  certain  frequencies  will 
be  favorable  to  oscillations  and  that  of  others  unfavorable. 

Summary 

By  way  of  summary,  then,  it  is  possible  to  maintain  a  movable  con- 
denser plate  in  sustained  oscillation  by  applying  to  the  condenser  an 
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alternating  electromotive  force  of  an  unrelated  higher  frequency,  pro- 
vided that  the  impedances  of  the  system  at  these  two  frequencies  and 
their  various  combinations  satisfy  certain  relations,  and  the  applied 
electromotive  force  exceeds  a  threshold  value.  When  the  oscillations 
are  negligible  at  all  frequencies  except  these  two  and  their  sum  and 
difference,  the  most  favorable  condition,  lowest  threshold  voltage,  oc- 
curs when  the  plate  vibrates  at  its  resonant  frequency,  and  the  electric 
circuit  is  resonant  at  the  applied  frequency  and  at  the  difference  fre- 
quency, and  anti-resonant  at  the  sum  frequency.  Once  the  oscillations 
start,  the  current  of  the  applied  frequency  remains  constant  with  in- 
creasing voltage.  Under  the  most  favorable  conditions  the  rates  of 
energy  dissipation  at  the  plate  and  difference  frequencies  are  in  the  ratio 
of  the  frequencies. 

Other  Applications;  Raman  Effect 

While  in  the  case  considered  above  the  production  of  oscillations  was 
associated  with  a  particular  type  of  non-linearity,  the  application  of  the 
principle  is  much  more  general.  Here  the  non-linearity  occurs  in 
what  might  be  called  a  mutual  stiffness,  serving  to  couple  two  degrees 
of  freedom.  It  is  not  essential,  however,  that  the  non-linearity  occur 
in  a  mutual  impedance  nor  that  the  impedance  be  of  the  stiffness  or 
negative  reactance  type.  So  long  as  the  connected  system  is  such  as 
to  provide  the  proper  impedances,  oscillations  may  occur  in  connection 
with  any  non-linear  reactance. 

A  non-linear  reactance,  as  here  used,  may  be  defined  as  any  energy- 
storing  element  in  which  the  coefficient  of  inertia  is  a  function  of  the 
velocity,  or  that  of  stiffness  is  a  function  of  the  displacement,  or  any 
mechanical,  electrical  or  electromechanical  analog,  of  such  an  element. 
For  a  non-linear  inertia,  as  in  an  iron  core  inductance  coil,  however, 
the  power  varies  inversely  as  the  frequency ;  instead  of  directly  as  for  a 
non-linear  stiffness. 

A  special  case,  in  which  one  of  the  new  frequencies  is  an  exact  sub- 
multiple  of  the  driving  frequency,  has  been  studied  by  a  number  of 
workers  from  Rayleigh  ^  down  to  Pedersen.® 

Another  special  case  may  be  of  some  interest  to  physicists  because  it 
provides  a  model  of  the  Raman  effect.  The  transition  from  the  con- 
denser to  the  molecular  model  will  be  made  in  two  steps.  For  the 
first  suppose  that  instead  of  making  the  resonant  mechanical  member 
one  plate  of  a  condenser,  we  attach  the  moving  part  to  a  point  on  its 
support  by  an  elastic  string  under  tension,  the  direction  of  the  string 

"  Rayleigh;  "Theory  of  Sound,"  Sec.  Ed.,  Vol.  1,  p.  81. 

«  Pedersen;  Jr.  Acous.  Soc.  Anier.,  Vol.  VI,  4,  p.  227,  April,  1935. 
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being  parallel  to  the  direction  of  vibration.  Suppose  now  that  at  some 
point  along  the  string  we  apply  an  alternating  mechanical  force,  acting 
normal  to  the  string,  through  the  medium  of  a  mechanical  structure, 
which  as  viewed  from  the  string  may  be  represented  by  a  linear  me- 
chanical impedance.  This  structure  prevents  motion  of  its  point  of 
attachment  to  the  string,  in  the  direction  of  the  string. 

If  now  we  analyze  the  forces  and  motions  into  their  components  in 
the  direction,  x,  of  the  motion  of  the  vibrating  member  and  that,  y,  of 
the  applied  force,  we  find  that,  to  a  first  approximation,  the  relations 
connecting  them  are  identical  with  those  used  above  for  the  condenser, 
provided  we  identify  the  force  and  velocity  of  the  vibration  in  the  x 
direction  with  those  of  the  condenser  plate  and  those  of  the  point  of 
attachment  of  the  string,  in  the  y  direction,  with  the  electromotive 
force  and  current  in  the  electric  circuit  associated  with  the  condenser. 
Such  a  structure  can  therefore  produce  oscillations  of  the  sort  described, 
provided  the  mechanical  impedance  of  the  driving  structure  has  the 
proper  values  at  the  sum  and  difTerence  frequencies. 

Suppose  now  we  have  a  molecule  which  we  assume  to  be  rigid  with 
the  exception  of  one  atom,  which  is  bound  to  it  by  a  pair  of  electrons. 
Let  the  attached  atom  correspond  to  the  plate,  the  relatively  heavy 
molecule  to  the  support  and  the  electrons  to  the  point  of  application 
of  the  driving  force.  Let  the  forces  of  electrostatic  attraction  between 
the  electrons  and  the  atom,  and  between  the  electrons  and  the  center  of 
the  molecule,  correspond  to  those  due  to  the  tense  strings.  Let  the 
other  static  forces  between  the  atom  and  the  molecule  correspond  to 
the  stiffness  of  the  plate.  For  small  displacements  these  forces  may 
be  assumed  to  vary  linearly  with  distance,  and  so  be  capable  of  repre- 
sentation by  constant  coefficients  of  stiffness  which  correspond  to  the 
elasticities  in  the  mechanical  system.  The  applied  external  force  is 
that  exerted  on  the  electrons  by  that  component  of  the  incident  light 
which  is  normal  to  the  line  through  the  centers  of  the  undisplaced 
particles.  The  mechanical  impedance  of  the  electrons  for  motion  in 
the  direction  of  the  applied  force  corresponds  to  that  of  the  structure 
through  which  the  force  is  applied.  This  impedance  includes  the 
effects  of  any  elastic  constraints  the  rest  of  the  molecule  may  exert  on 
the  electrons  in  this  direction ;  of  the  electromagnetic  mass  of  the  elec- 
trons, which  may  be  affected  by  the  reactions  of  neighboring  molecules; 
and  of  the  dissipation  of  energy  as  radiation  or  by  transfer  to  neighbor- 
ing molecules. 

Unlike  other  classical  models  of  the  Raman  effect,  this  one  provides 
for  the  persistence  of  the  difference  line,  and  the  disappearance  of  the 
sum  line,  at  low  temperatures.     It  also  provides  that  the  intensity  of 
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the  lines  should  depend  on  the  probability  that  the  force  exerted  by 
the  incident  radiation  on  the  electrons  of  a  randomly  chosen  molecule 
exceed  a  threshold  value  which  is  determined  by  the  condition  of  its 
neighbors.  The  apparent  smallness  of  this  probability  would  explain 
the  observed  weakness  of  the  Raman  lines. 

It  would  seem  that  this  threshold,  and  the  probability  of  its  being 
exceeded,  might  prove  helpful  in  interpreting  the  energy  threshold  and 
transition  probability  which  are  used  in  wave  mechanics. 
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Oscillations  in  an  Electromechanical  System 

By  L.  W.  HUSSEY  and  L.  R.  WRATHALL 

Experimental  results  are  given  on  an  oscillating  electromechanical  system 
in  which,  under  a  single  frequency  impressed  electromotive  force,  mechanical 
vibrations  are  sustained  at  a  freciuency  near  the  resonant  frequency  of  the 
mechanical  system  and  electrical  oscillations  at  the  difference  between  the 
frequency  of  the  mechanical  vibration  and  that  of  the  impressed  force. 

The  system  is  the  one  studied  analytically  by  R.  V.  L.  Hartley  in  an 
accompanying  paper.  Its  performance  conforms  to  the  principal  operating 
features  predicted  in  his  analysis. 

IN  AN  accompanying  paper  ^  an  analytic  investigation  is  made  of  a 
system  involving  a  non-linearity  in  the  coupling  between  an  elec- 
trical and  a  mechanical  system.  The  electro-mechanical  system  under 
discussion  is.,  in  its  simplest  form,  a  condenser,  with  one  plate  sharply 
resonant  mechanically,  a  generator,  and  an  impedance,  all  connected 
in  series.  If  the  charge  on  the  condenser  is  q,  there  will  be  a  force  on 
the  mechanical  system  proportional  to  (f.  While  the  mechanical 
system  and  the  electrical  system  involved  are  individually  linear,  there 
is  a  non-linearity  in  this  electrostatic  coupling,  and  hence  the  pos- 
sibility exists  of  mechanical  and  electrical  vibrations  at  other  fre- 
quencies than  the  impressed  frequency.  On  this  basis  the  possibility 
of  the  generation  of  a  mechanical  vibration,  not  at  a  harmonic  of  the 
impressed  electromotive  force,  and  electrical  currents  at  the  difference 
between  the  frequency  of  the  mechanical  vibration  and  that  of  the 
impressed  electromotive  force  was  predicted  by  the  analysis. 

That  the  phenomenon  discussed  can  occur  was  first  verified  by  Mr. 
Eugene  Peterson.  A  condenser  microphone  was  given  a  mechanical 
resonance  at  600  cycles  per  second,  by  cementing  a  small  metal  ball  to 
the  center  of  the  diaphragm.  An  alternating  electromotive  force  at 
2200  cycles  per  second  was  impressed  and  the  system  given  a  series 
resonance  at  the  difference  frequency,  1600  cycles  per  second,  by 
means  of  an  inductance.  When  the  impressed  voltage  was  increased 
beyond  a  critical  value  mechanical  vibrations  suddenly  built  up  and 
current  of  the  difference  frequency,  larger  in  amplitude  than  the 
current  of  the  impressed  frequency,  appeared  in  the  electrical  system. 
The  same  result  was  obtained  using  a  prong  of  a  tuning  fork  as  the 
vibrating  plate. 

1  "Oscillations  in  Systems  with  Non-Linear  Reactance"  by  R.  \'.  L.  Hartley,  in 
this  issue  of  the  Bell  Sys,  Tech.  Jour. 
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These  tests,  while  they  exhibited  the  most  important  characteristic 
predicted,  did  not  give  any  other  check  on  the  validity  of  the  mathe- 
matical results  because  the  systems  differed  so  greatly  from  that 
assumed  by  Mr.  Hartley.  To  obtain  simple  results  in  the  theoretical 
discussion  it  was  found  necessary  to  make  some  severely  restricting 
assumptions.  The  mechanical  system  was  assumed  rigid  except  to 
motion  at  frequencies  near  the  resonant  frequency.  Similarly  the 
electrical  system  was  assumed  to  have  infinite  impedance  to  all  fre- 
quency components  except  that  impressed  and  the  difference  frequency 
between  the  impressed  and  the  mechanical.  Thus  the  only  currents 
and  velocities  present  were  of  the  frequencies  (in  radians  per  second), 
a!„i  (mechanical),  coj  =  co^  —  Wm  (difference).  03g  (impressed). 
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Fig.  1 — Circuit  diagram. 

Under  ordinary  conditions  a  non-linear  system,  such  as  this  one, 
involving  two  frequency  components  (co^  and  co^)  would  have,  as 
modulation  products,  currents  and  velocities  of  all  the  possible  com- 
bination frequencies  (rcod  +  ^Wm,  r,  5  =  0,  ±1,  ±2,  •••)•  There 
would  be  dissipation  of  energy  at  each  of  these  frequencies.  These 
components  (other  than  the  three  of  interest)  are  the  ones  which  must 
be  suppressed  if  the  system  is  to  be  a  good  approximation  to  the 
assumed  one. 

In  order  to  satisfy  the  above  conditions  the  circuit  of  Fig.  1  was  con- 
structed.^  The  use  of  the  parallel  system  instead  of  a  simple  series 
circuit  had  several  advantages.  The  forces  on  the  tuning  fork  were 
so  balanced  that  any  constant  displacement  was  avoided.  Since  the 
tuning  fork  had  a  very  sharp  resonance  ^  the  mechanical  system  was 

*The  tuning  fork  with  condenser  plates  was  designed  by  Mr.  \V.  A.  Marrison. 
'  The  damping  effect  of  the  air  was  avoided  by  operating  the  fork  in  a  vacuum. 
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a  close  approximation  to  the  assumed  one.  On  the  electrical  side  the 
parallel  system  had  the  advantage  that  the  current  of  the  impressed 
frequency  (o}g)  flowed  around  the  outside  while  the  sum  (oig  +  com) 
and  difference  (cjd  =  oog  —  w^)  frequency  components  flowed  through 
the  mid-branch.  The  sum  frequency  component  was  the  most  dif- 
ficult one  to  suppress.  This  could  be  done  in  the  parallel  system  by 
means  of  a  piezo-crystal  impedance  element/  tuned  to  cuj  without  at 
the  same  time  putting  in  a  high  impedance  to  Ug.  This  piezo-crystal 
element  had  so  sharp  a  resonance  that,  while  its  impedance  at  resonance 
(30  kilocycles  per  second)  was  only  125  ohms,  it  was  about  60,000 
ohms  only  1000  cycles  per  second  away  from  resonance.  Thus  the 
very  high  impedance  to  the  sum  frequency  was  obtained.  There  were, 
however,  some  modulation  products  which  flowed  around  the  outside 
with  the  impressed  current.  Only  the  impedance  of  a  simple  tuned 
circuit  was  available  around  this  circuit  so  any  product  near  in  fre- 
quency to  the  impressed  frequency  would  not  face  a  very  high  im- 
pedance. The  nearest  one  was  a)(,  —  2 Wm.  This  was  not  as  completely 
suppressed  as  the  other  unwanted  products  but  changing  the  impedance 
so  that  this  component  was  considerably  different  in  magnitude  had 
no  appreciable  effect  on  the  other  electrical  components.  While  this 
circuit  gives  a  good  approximation  to  the  hypothetical  one,  the  result 
is  a  highly  critical  system  demanding  very  fine  adjustment  and  a 
highly  stable  generator,  since  a  very  slight  frequency  change  has  an 
appreciable  effect  on  the  impedances  presented  by  the  very  sharply 
tuned  circuits. 

The  measurement  of  impressed  current  was  made  by  the  thermo- 
couple across  small  resistors  in  the  input  transformer  and  checked  by 
a  current  analyzer.*  Corrections  were  made  in  the  results  when 
necessitated  by  the  presence  of  the  current  component  of  frequency 
a>5  —  2com.  The  corresponding  voltage  was  obtained  by  measuring 
the  current  of  that  frequency  through  the  large  resistors  Ri  by  means 
of  a  current  analyzer.  The  current  of  the  difference  frequency  was 
measured  by  a  thermocouple  in  the  mid-branch.  Measurement  was 
also  made  of  the  voltage  of  frequency  cog  —  lo^m  across  the  fork,  by 
measuring  the  corresponding  current  through  the  resistances  R2. 
There  was  no  simple  means  available  for  measuring  the  mechanical 
amplitude  but  it  could  be  obtained  from  this  measurement  of  oj^,  —  Icom 
voltage  as  will  be  explained  later. 

On  Figs.  2  and  3  are  shown  curves  computed  from  equations  28,  29 
and  30  of  the  preceding  paper  for  two  cases,  and  the  results  of  the 

*  Designed  by  Mr.  W.  P.  Mason. 

*  See  A.  G.  Landeen:  "Analyzer  for  Complex  Electric  Waves,"  Bell  Sys.  Tech. 
Jour.,  April,  1927. 
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experiment.  The  two  cases  computed  are  for  the  system  operating 
with  cod  and  aj„  exactly  the  frequencies  of  electrical  and  mechanical 
resonance  and  for  operation  with  cod  21  cycles  higher  than  resonance. 
In  the  latter  case  aj„  is  determined  by  the  requirement — noted  by  Mr. 
Hartley — that  the  phase  angles  of  the  impedances  be  equal.  The 
actual  change  in  co^  is  only  a  fraction  of  a  cycle.  The  two  cases  are 
given  because  it  was  not  possible,  with  the  equipment  available,  to 
determine  co^  with  sufficient  accuracy  to  distinguish  between  them. 
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Fig.  2 — Electrical  current  components. 
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Fig.  3 — Mechanical  displacement. 

While  the  frequency  difference  between  them  is  only  20  cycles  out  of 
v30,000  it  will  be  noted  that,  because  of  the  critical  character  of  the 
impedances,  the  results  differ  considerably  in  amplitudes  of  the  com- 
ponents and  in  the  threshold  value. 

The  second  case  checks  very  closely  as  far  as  the  electrical  results 
are  concerned  and  the  mechanical  results  are  of  the  same  order  of 
magnitude.  The  discrepancy  can  reasonably  be  laid  to  the  inac- 
curacies in  the  indirect  method  of  measuring  the  mechanical  amplitude. 
More  important  is  the  verification  of  the  outstanding  properties  pre- 
dicted by  the  analysis.     There  is  a  threshold  \oltage  above  which 
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the  new  frcc|iicncy  roniponents  suddenly  appear  and  rapidly  build  up 
to  large  amplitudes  as  the  voltage  is  increased.  The  current  of  the 
impressed  frequency,  co^,  remains  practically  constant  and  independent 
of  voltage  above  the  threshold. 

There  remains  to  be  described  the  method  by  which  the  mechanical 
amplitude  was  obtained.  The  current  voltage  relation  for  a  con- 
denser is 

F  =    '    I   /■  dt. 


=;-/ 


The  current  through  the  condenser  involves  only  three  frequency 
components  in  this  case,  so  it  can  be  written  in  the  form 

i  =  Ag  cos  (uyt  +  ify)  -\-  Ad  cos  [(co„  —  w„,)/  +  <pd)^ 

+   ^,   cos    [(cOff    —    2C0„,)/   +    (pe)2 

and  the  capacity  of  a  condenser,  in  e.s.u.,  is 


where 


C  =  e-^  =  —^ — j— ^; farads 

6  (Oo  +  Oto  cos  OOmt) 

€  =  8.85  X  10-1"  =  permittivity, 

A  =  plate  area  in  cm.^. 

So  =  constant,  or  average  spacing  cm., 

Sm  —  amplitude  of  mechanical  displacement. 

From  these  equations  the  amplitude  of  the  mechanical  vibration 
in  terms  of  the  electrical  amplitudes  can  be  determined.  Neglecting 
phase  angles  the  relation  is 

SoAe 


Ve- 


eA(cOg  —  2cOm) 


A, 


2€A(cOg    —    U>m) 

Ve  =  amplitude  voltage  component  of  frequency  w^  —  2com. 

The  neglect  of  the  phase  angles  will  make  some  inaccuracy  in  the 
results.  They  would  be  exact,  in  the  above  formula,  were  Ag  negligibly 
small.  The  term  involving  Ae'is  a  correction  term  necessitated  by  the 
incomplete  suppression  of  that  frequency  component. 


A  New  Type  of  Underground  Telephone  Wire 

By  D.  A.  QUARLES 

A  new  type  of  telephone  line  is  described  in  which  a  specially  insulated 
twin  wire  is  plowed  into  the  soil.  Problems  of  wire  design,  splicing  and 
maintenance  are  discussed  and  transmission  characteristics  are  given. 


IN  this  day  of  multi-channel  transmission  on  open-wire  lines,  lead- 
covered  coaxial  and  multi-wire  cables,  and  of  radio  and  ultra-high- 
frequency  transmission  without  lines  at  all,  it  behooves  the  develop- 
ment engineer  concerned  with  line  structures  to  be  alert  to  advanced, 
even  to  radical,  ideas.  Rubber  insulated  telephone  wire  placed 
directly  underground  is  a  case  in  point. 

The  urge  to  put  telephone  lines  underground  is  only  a  littler  younger 
than  the  business  itself.  In  large  measure,  this  has  been  realized  by 
installing  lead-covered  cables  in  underground  duct  systems.  An 
alternative  arrangement  used  more  recently  is  spoken  of  as  buried 
cable}  This  is  lead-covered  cable,  the  sheath  of  which  is  protected 
from  corrosion  by  successive  layers  of  paper  and  jute  flooded  with 
asphalts.  In  addition,  as  a  provision  against  mechanical  injury  or 
interference  from  outside  electrical  sources,  a  steel  tape  armoring 
is  sometimes  used.  Where  conditions  have  been  favorable,  the  prac- 
tice of  burying  suitably  protected  cables  directly  in  the  ground  has 
been  applied  both  to  toll  and  to  large  and  small  exchange  area  cables 
and  to  one  and  two-pair  entrance  cables  for  underground  service 
connections. 

Because,  with  underground  cables  in  conduits  and  with  buried 
cables,  the  costs  essentially  limit  their  use  to  those  cases  where  appear- 
ance is  an  important  factor  or  where  a  considerable  number  of  circuits 
can  be  grouped  under  the  same  sheath,  these  methods  are  not  generally 
applicable  to  service  on  one  or  two  circuit  routes,  such  as  those  extend- 
ing to  remote  subscribers,  typical  of  rural  distribution.  Particularly  in 
the  interest  of  providing  a  lower  cost  type  of  plant  and  thereby  making 
possible  a  more  extensive  development  of  service  in  rural  communities, 
it  appeared  there  would  be  a  considerable  incentive  for  the  develop- 
ment of  an  inexpensive  form  of  buried  circuit.  Such  a  circuit  would  ob- 
viously require  that  an  economical  means  of  installation  be  devised 
and  even  more  important  that  the  material  used  be  serviceable  for  a 

>  C.  \V.  Mier  and  B.  D.  Hull,  Bell  Telephone  Quarterly,  Volume  8  (October  1929). 
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long  period  under  the  severe  moisture  conditions  to  wliich  it  would 
be  subjected  in  the  ground. 

Experience  with  the  cable  burial  ])roblem  had  led  to  the  development 
of  a  cable  laying  plow,  the  neat  operation  of  which  in  plowing  cable 
into  the  ground  at  depths  ranging  up  to  thirty  inches  without  trenching 
or  backfilling  in  the  ordinary  sense  has  been  described  elsewhere.'* 
The  adaptation  of  this  method  to  the  burial  of  wire  at  an  appropriate 
depth  required  that  it  be  simplified  so  that  it  would  be  less  expensive, 
and  involved  such  considerations  as  the  very  much  smaller  size  and 
tensile  strength  of  the  wire,  its  greater  vulnerability  to  mechanical 
injury,  the  need  for  reducing  and  simplifying  traction  requirements, 
and  the  like. 

On  the  point  of  serviceability,  it  remained  for  our  research  chemists 
first  to  develop  a  rubber  compound  that  could  be  relied  on  to  maintain 
suitable  insulating  properties  over  a  period  of  years  under  the  severe 
moisture  conditions  under  ground. 

With  these  fundamentals  in  hand,  the  development  engineers  under- 
took to  study  the  mechanical  and  electrical  problems  involved  and 
design  a  wire  that  would  have  appropriate  transmission  and  handling 
characteristics.  In  addition,  they  had  to  devise  methods  of  splicing 
the  wire;  to  adapt  plow  equipment  to  its  installation;  to  develop 
loading  arrangements  for  use  on  the  longer  lengths;  to  study  methods 
of  tracing  the  path  of  the  wire  and  locating  faults,  etc.  In  short,  the 
job  was  to  develop  buried  wire  as  a  practicable  plant  instrumentality. 

The  Insulated  Wire 

The  wire  as  actually  developed  employs  17-gauge  annealed  and  tin- 
coated  copper  conductors,  insulated  in  parallel  twin  construction  with 
a  special  rubber  compound  designed  to  withstand  long  water  immersion 
without  serious  deterioration  of  the  electrical  properties.  The  wire 
is  adapted  to  a  continuous  process  of  extrusion  and  vulcanization.* 

While  the  insulation  of  this  wire  is  very  resistant  to  water  absorption, 
it  is,  in  common  with  most  high  grade  rubber  insulating  compounds, 
quite  sensitive  to  sunlight  so  that  it  must  be  carefully  guarded  from 
any  unnecessary  exposure  to  direct  rays  of  the  sun  and  from  any 
extended  exposure  to  indirect  rays. 

Splicing 

One  of  the  principal  problems  in  using  a  wire  of  this  kind  is  that  of 
splicing,  as  it  is  quite  obvious  that  the  splice  must  be  essentially  as 

2  C.  W.  Nystrom,  Telephony,  Volume  98  (June  21,  1930). 

^  S.  E.  Brillhart,  Mechanical  Engineering,  Volume  54,  pages  405-9  (1932). 
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resistant  to  water  absorption  as  the  wire  itself.  The  spUce  actually 
developed  (see  Fig.  1)  has  two  features  of  interest:  the  joints  in  the 
conductor  proper  and  the  method  of  patching  the  insulation.     The 


Fig.  1 — Splicing  buried  wire.     Top:  pressed  sleeve  joints  in  conductors, 
unvulcanized  rubber  pad  in  place.     Bottom:  after  vulcanization. 


Center: 


conductor  joint  is  made  by  pressing  a  cylindrical  sleeve  on  the  abutted 
ends  of  the  wires  to  be  joined,  in  this  way  producing  a  tight  joint  of 
high  electrical  efificiency  and  relatively  immune  to  corrosion.  The 
joints  in  the  two  wires  are  staggered  and  the  whole  encased  in  a  pad  of 
unvulcanized  rubber  which  is  pressed  in  place  and  vulcanized  in  an 
electrically  heated  mold,  shown  in  Fig.  2.  The  vulcanizer  is  equipped 
with  a  thermostatic  device  to  insure  proper  control  of  the  temperature. 
This  splice  is  intended  for  burial  directly  in  the  ground  without  other 
protection  and  tests  indicate  it  to  be  the  equivalent  of  the  unspliced 
wire. 

Electrical  Properties  and  Loading 
In  cross-section,  the  insulated  twin  is  an  oval  having  a  major  diam- 
eter of  about  .vS3"  and  a  minor  diameter  of  about  .165".  The  cross- 
section  has  been  designed  to  give  optimum  electrical  characteristics 
for  the  amounts  of  copper  and  rubber  compound  employed  per  unit 
length.  The  average  mutual  capacitance  per  thousand  pair  feet  after 
seven  days  water  immersion  is  about  0.022  mf.  with  an  average  loop 
resistance  \)vr  thousand  feet  of  about   10.2  ohms.     While  the  trans- 
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Fig.  2 — \'ulcanizer  for  buried  wire  splice.     The  buried  wire  is  in  the  center  and 
storage  battery  leads  for  heating  vulcanizer  are  above  and. below  on  right. 

mission  requirements  to  be  placed  on  a  buried  circuit  will,  of  course, 
depend  upon  the  facilities  with  which  it  is  associated,  it  is  expected 
that  buried  circuits  up  to  about  five  miles  in  length  will,  in  general,  not 
require  loading.  Where  loading  is  required,  provision  has  been  made 
for  it  in  the  form  of  a  permalloy  dust  ^  core  coil  having  -14  millihenries 
inductance  which  is  individually  potted  with  rubber  insulated  lead- 
out  wires.  It  is  intended  to  be  spliced  into  the  wire  at  8,000-foot 
intervals  and  buried  directly  in  the  ground  with  the  wire. 

The  potting  arrangement  for  the  buried  wire  coil  has  several  features 
of  interest.  The  loading  coil  is  first  potted  in  a  small  metal  container 
which  is  vacuum  impregnated  with  a  moisture  resistant  compound. 
The  lead-out  wires  from  this  container  are  then  spliced  to  stub  lengths 
of  the  buried  wire,  as  shown  in  Fig.  3.  This  container  is  then  placed 
in  a  larger  sheet  copper  container,  the  rubber  insulated  wires  being 
brought  out  through  tubes  soldered  into  the  copper  container  and 
pressed  down  into  intimate  contact  with  the  rubber  insulation.  The 
lead-out  wires  are  taped  for  reinforcement  at  the  outer  ends  of  the 

^  G.  W.  Elmen,  Bell  System  Technical  Journal,  Volume  15  (January  1936). 
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Fig.  3- 


-Loading  coil  for  buried  wire  before  filling  outer  case,  showing  the  splicing  of 
the  rubber  covered  stubs  to  the  lead-out  wires  from  the  inner  case. 


tubes.  This  outer  can  is  then  filled  with  a  moisture-proof  compound 
and  given  a  dip  coating  of  moisture-proof  enamel.  The  operation  of 
splicing  the  loading  coil  into  the  line  wire  then  inv^olves  making  two  line 
wire  splices  as  above  described. 

The  one-thousand-cycle  attenuation  of  this  17-gauge  buried  wire 
after  seven  days  water  immersion  and  at  70°  F.  is  about  1.1  db  per  mile 
for  the  non-loaded  line  and  the  corresponding  attenuation  of  the  loaded 
line  is  about  .49  db  per  mile.  The  characteristic  impedance  of  the 
non-loaded  line  at  one  thousand  cycles  and  under  the  same  conditions 
as  above  would  be  275/40°  and  of  the  loaded  line  would  be  525/8°. 
The  nominal  cut-off  frequency  of  the  loaded  circuit  is  3600  cycles. 

Layout  of  Buried  Circuits 
At  the  present  time,  the  most  promising  use  of  buried  wire  in  the 
telephone  plant  appears  to  be  for  rural  distribution  on  routes  requiring 
one  or  two  pairs.  These  routes  would  commonly  have  a  number  of 
party  line  subscribers,  each  subscriber  being  bridged  on  the  buried 
circuit.  For  the  most  part,  it  has  been  found  preferable  to  follow  the 
route  of  existing  public  roadways,  laying  the  wire  in  the  shoulder  of  the 
road.  Installing  the  wire  on  right-of-way  across  private  property  is 
advantageous  under  some  circumstances,  however.  At  points  where  a 
service  connection  is  to  be  made,  there  is  the  alternative  of  bridging  a 
service  lead  across  the  through  circuit  or  looping  the  circuit  into  the 
subscriber's  house,  the  latter  being  preferred  where  the  house  is  a 
short  distance  from  the  through  route.  Where  a  bridged  connection 
is  to  be  made,  it  has  been  found  desirable  to  bring  the  wires  up  above 
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ground  for  binding  post  cross-connection  so  as  to  provide  a  test  point 
rather  than  spHcing  the  bridging  wire  in  permanently  and  burying  the 
splice  in  the  ground.  A  small  terminal  has  been  provided  for  this 
purpose.  The  buried  wires  are  brought  up  into  the  terminal  housing 
through  a  galvanized  iron  pipe  in  order  to  provide  protection  of  the 
rubber  insulation  from  sunlight.  The  terminal  is  mounted  on  any 
convenient  pole  or  post  or  on  a  short  stub  set  for  the  ]uirpose. 


».-      >.•«     A'      »» 


Fig.  4 — Plo\ving-in  two  pairs  ofburied  wire  along  roadside. 

As  buried  wire  will,  in  general,  be  associated  with  exposed  wire 
circuits,  it  is  planned  to  provide  the  same  type  of  electrical  protection 
at  subscribers'  premises  for  buried  circuits  as  for  drops  from  open  wire 
or  exposed  cable  circuits.  It  is  also  planned  to  provide  protection  for 
buried  wire  at  junctions  with  open-wire  lines  over  one-half  mile  in 
length. 

Plowing-in  Operations 

The  success  of  buried  wire  is  in  considerable  measure  dependent 
upon  the  efficiency  of  the  equipment  provided  for  plowing  it  into  the 
ground.  This  problem  has  therefore  been  studied  carefully  with  a 
view  to  reducing  the  traction  requirements  to  a  minimum  for  the 
desired  depth  of  placing,  so  as  to  permit  the  use  of  readily  available 
tractive  equipment.  Experiments  have  indicated  that  in  a  given  type 
of  soil  the  tractive  load  on  the  plow  increases  approximately  as  the 
square  of  the  depth  of  setting.     The  choice  of  depth  is,  of  course,  a 


452 


BELL   SYSTEM   TECHNICAL   JOURNAL 


matter  of  judgment  and  is  influenced  somewhat  by  the  local  con- 
ditions. In  general,  it  is  felt  that  depths  between  16"  and  20" 
are  adequate  and  that  more  shallow  installations  are  justified  only 
under  special  conditions. 

The  plow  equipment  that  has  been  developed  for  this  purpose  is 
shown  in  operation  in  Fig.  4  and  in  more  detail  in  Fig.  5.  The  plow- 
share is  a  vertical  blade  with  a  tube  fastened  to  the  back  edge  through 


Fig.  5 — -Wire  plow  in  elevated  position,  showing  duct  for  wires  at  back  of  plow-share. 

which  one  or  two  pairs  of  wires  may  be  fed  into  the  soil.  The  depth 
of  the  blade  in  the  ground  is  readily  adjustable  to  meet  local  conditions. 
It  has  been  found  that  in  fairly  hard  soil  with  a  liberal  supply  of  rock, 
an  equivalent  of  a  40  or  50  hp  caterpillar  tractor  is  required  to  draw 
the  plow.  Across  stretches  of  private  right-of-way  or  at  other  locations 
where  it  is  not  convenient  to  use  tractors  or  trucks  in  direct  traction, 
however,  alternative  methods  have  been  employed,  such  as  using  the 
winch  line  of  a  construction  truck  to  pull  the  plow.  The  speed  at 
which  the  plow  may  be  operated  is  controlled  largely  by  the  number 
and  character  of  obstacles  encountered.  Under  favorable  conditions, 
the  plow  may  be  operated  at  a  speed  of  three  or  four  miles  an  hour 
but  a  much  lower  average  is  to  be  expected  under  the  less  favorable 
conditions  commonly  found. 
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One  consideration  of  some  inii)or(ance  in  installinji  wire  of  this  type 
is  the  possibility  of  the  insulation  being  crushed  by  boulders  displaced 
b\  the  ])l()\v,  ])articular]y  where  the  trench  with  wire  in  ])lacc  is  to  be 
rolled  down  or  subjected  to  heavy  tratttc.  This  danger  is,  in  fact,  of 
such  importance  that  buried  wire  of  this  type  is  probably  not  a  service- 
able form  of  construction  through  a  terrain  where  nested  boulders  are 
frec]uenth'  encountered. 

While  it  is  generally  possible  to  plow  across  gravel  highways,  this 
method  can  not  be  used  when  hard-surface  highways  are  encountered, 
and  in  such  cases  it  becomes  necessary  either  to  use  a  pipe  pushed  under 
the  roadway  or  to  span  the  highway  with  open  wire.  Where  conditions 
are  such  as  to  require  routing  the  wire  through  or  over  culverts,  across 
ditches,  streams  and  the  like,  involving  actual  or  potential  exposure 
of  the  wire  as  by  soil  erosion,  iron  pipe  or  equivalent  protection  against 
mechanical  injury  and  light  will  generally  be  required. 

Interference 

As  in  the  case  of  other  types  of  telephone  circuits;  the  problem  of 
avoiding  noise  and  crosstalk  must  be  considered.  Where  more  than 
one  pair  is  buried  at  a  time,  there  is  a  crosstalk  problem  but  experience 
has  shown  that  the  introduction  of  twists  every  few  feet,  either  by 
twisting  the  wire  in  the  process  of  laying  or  by  having  it  pretwisted 
on  the  reels,  is  sufficient  to  reduce  the  crosstalk  to  low  values. 

Special  care  must  be  given  the  wire  in  manufacture  to  assure  a  good 
degree  of  balance  between  the  capacitances  of  the  two  conductors  to 
ground.  This  is  important  in  order  to  avoid  noise  in  the  buried  wire 
circuits  when  they  are  exposed  to  power  circuits  or  when  the  connected 
open  wire  is  exposed.  Under  severe  exposure  conditions,  even  with 
the  best  balance  obtainable  in  manufacture,  it  may  be  necessary  to 
resort  to  special  balancing  measures  in  the  field  to  assure  satisfactorily 
quiet  circuits. 

Maintenance  Questions 

The  introduction  of  a  new  type  of  plant  such  as  buried  wire  will 
naturally  involve  some  new  maintenance  problems.  Although  records 
will,  in  general,  be  kept  of  buried  wire  routes,  it  will  at  times  be  desir- 
able to  have  fairly  precise  methods  of  tracing  the  underground  path. 
Experiments  have  indicated  that  this  may  be  done  with  considerable 
precision  by  putting  a  tone  current  on  the  wire  and  following  along  the 
surface  of  the  ground  with  an  exploring  coil  device.  The  location 
of  faults  in  buried  wire  also  involves  some  problems  which  are  different 
from  those  experienced  with  cable  circuits  but  experiments  have  indi- 
cated that  established  methods  may  be  adapted  to  this  new  use  with 
an  acceptable  degree  of  precision. 
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Conclusion 
As  less  than  fifl>-  miles  of  buried  wire  circuits  of  the  type  described 
have  actually  been  installed  and  put  into  service,  it  is  recognized  that 
many  problems  may  yet  arise  and  that  this  type  of  plant  should  still 
be  considered  as  in  a  trial  stage.  It  is,  for  example,  not  known  to 
what  extent  burrowing  rodents  such  as  gophers  might  cause  difficulties. 
Soil  erosion  may  also  introduce  problems  not  as  yet  clearly  visualized. 
On  the  other  hand,  many  wind,  ice  and  tree  interference  troubles 
peculiar  to  open-wire  construction,  involving  such  things  as  broken 
insulators,  broken  poles,  wires  crossed  or  broken,  etc.,  should  be  avoided 
by  placing  the  wire  under  ground.  Buried  wire  should  also,  in  general, 
be  free  from  lightning  troubles  when  properly  protected  at  junctions 
with  open-wire  lines.  Considerations  of  this  kind  will  be  largely 
controlling  in  determining  the  eventual  field  of  use  for  the  buried  type 
circuit.  Present  indications  are  that  in  any  event  many  locations 
may  be  found  where  this  type  of  construction  will  prove  economical. 


Effect  of  Electric  Shock  on  the  Heart  * 

By  L.  p.  FERRIS,  B.  G.  KING,t  P.  W.  SPENCE  and  H.  B.  WILLIAMS  f 

AS  a  basis  for  the  development  of  protective  measures  and  prac- 
^  tices,  knowledge  of  the  limits  of  dangerous  electric  shock  is 
obviously  important  and  this  joint  investigation  at  the  College  of 
Physicians  and  Surgeons  of  Columbia  University  was  initiated  in  the 
hope  of  obtaining  some  of  the  needed  data.  In  seeking  a  value  of 
current  which  if  exceeded  would  be  dangerous  to  man,  it  is  important 
to  consider  for  different  practical  conditions  the  effects  which  are 
brought  about  as  the  current  is  increased.  The  threshold  of  sensa- 
tion is  reached  at  about  one  milliampere  for  a  frequency  of  60  cycles. 
Other  investigators  have  found  that  at  about  15  milliamperes  from 
hand  to  hand  the  subject  becomes  unable  to  control  the  muscles 
subjected  to  stimulation. 

Any  currents  that  prevent  voluntary  control  of  the  skeletal  muscles 
are  dangerous  because  their  pathway  through  the  body  might  include 
the  respiratory  muscles  and  stop  breathing  during  the  shock.  If 
prolonged,  asphyxial  death  would  result,  but  the  time  required  is  a 
matter  of  minutes  rather  than  seconds,  so  that  opportunity  may  be 
afforded  for  action  to  release  the  victim.  No  serious  or  permanent 
after-effects  are  likely  to  appear  merely  from  the  cessation  of  respira- 
tion, provided  it  is  not  continued  beyond  the  point  where  the  victim 
can  be  resuscitated  by  artificial  respiration. 

Currents  somewhat  greater  than  those  just  necessary  to  stop  respi- 
ration by  action  on  the  muscles  may  cause  fatalities,  even  though  the 
duration  of  such  shocks  is  but  a  few  seconds  or  less — far  too  short  to 
be  important  from  the  standpoint  of  interruption  of  respiration  and 
obviously  too  short  to  give  any  opportunity  for  rescue  before  the  end 
of  the  shock.  Death  under  such  conditions  is  brought  about  by 
ventricular  fibrillation,  which  is  a  disruption  of  normal  heart  action. 
This  condition  is  an  uncoordinated  asynchronous  contraction  of  the 

*  Digest  of  a  paper  published  in  the  May  1936  issue  of  Electrical  Engineering  and 
presented  at  the  A.  I.  E.  E.  Summer  Convention,  Pasadena,  California,  June  22-26, 
1936. 

t  Drs.  H.  B.  Williams  and  B.  G.  King,  joint  authors  of  this  paper,  are  of  the  staff 
of  the  College  of  Physicians  and  Surgeons  of  Columbia  University,  New  York. 
Electrical  facilities  of  the  Bell  Telephone  Laboratories  supplemented  those  of  the 
Physiology  Laboratories  of  the  Medical  Center  where  most  of  the  experimental 
work  was  done. 
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ventricular  muscle  fibers  in  contrast  to  their  normal  coordinated  and 
rhythmic  contraction.  It  results  from  an  abnormal  stimulation  rather 
than  from  damage  to  the  heart.  In  the  fibrillating  condition,  the  heart 
seems  to  quiver  rather  than  to  beat;  no  heart  sounds  can  be  heard  with 
a  stethoscope;  the  pumping  action  of  the  heart  ceases;  failure  of  circu- 
lation results  in  an  asphyxial  death  within  a,  few  minutes.  The 
medical  profession  long  has  recognized  that  ventricular  fibrillation  once 
set  up  in  man  is  unlikely  to  cease  naturally  before  death.  The  value 
of  current  just  under  the  threshold  for  ventricular  fibrillation,  there- 
fore, may  be  taken  as  the  maximum  current  to  which  man  safely  may 
be  subjected,  because  regardless  of  rescue  or  after-treatment,  death 
is  liable  to  result  from  greater  current. 

This  experimental  investigation,  therefore,  was  directed  chiefly 
toward  determining  the  minimum  current  that  would  initiate  ventri- 
cular fibrillation  and  the  variation  of  this  threshold  current  with 
several  factors  which  enter  into  the  practical  application  of  the  results 
in  the  development  of  protective  devices  and  measures.  From  the 
standpoints  of  both  physiology  and  engineering,  it  was  important  to 
determine  the  influence  on  this  threshold  of: 

1.  Species  and  size  of  animal. 

2.  Path  of  current  through  the  body  (determined  by  points  of  contact). 

3.  Frequency  of  the  current. 

4.  Time  of  occurrence  of  short  shocks  in  relation  to  the  cardiac  cycle. 

5.  Duration  of  shock. 

Thresholds  were  determined  for  seven  species  of  animals:  the  guinea 
pig,  rabbit,  cat,  dog,  sheep,  pig,  and  calf.  Standard  reference  condi- 
tions included  the  use  of  60-cycIe  alternating  current  for  a  duration  of 
3  seconds  with  electrodes  on  the  right  fore  leg  and  left  hind  leg.  These 
conditions  typify  those  of  many  accidental  shocks  to  man  and  are  very 
dangerous  from  the  point  of  view  of  ventricular  fibrillation  because  the 
heart  is  almost  directly  in  the  current  path. 

Three  significant  records  were  made  by  an  oscillograph  for  each 
shock.  These  are  illustrated  in  Figs.  lA  and  IB.  They  include  elec- 
trocardiograms before  and  after  shock  and  oscillograms  of  shock  cur- 
rent and  voltage.  An  electrocardiogram  is  a  graphical  record  of  the 
time  variation  of  the  voltage  that  is  always  associated  with  the  action  of 
the  heart.  The  character  of  the  variations  in  this  voltage  indicate 
certain  facts  as  to  the  heart's  condition,  the  electrocardiogram  of  a 
fibrillating  heart  being  very  different  from  that  of  a  normal  heart. 
The  group  of  Fig.  lA  shows  a  shock  followed  by  coordinate  beating. 
The  group  of  Fig.   IB  shows  a  shock  which  resulted  in  ventricular 
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fibrillation.  The  character  of  both  post-shock  electrocardiograms  is 
somewhat  masked  by  higher  frequency  currents  resulting  from  skeletal 
muscle  activity  following  the  shock.  However,  the  post-shock  electro- 
cardiogram of  the  group  lA  reveals  the  same  typical  sequence  of 
prominent  deflections  that  appear  before  shock,  while  that  of  the 
group  IB  shows  an  entirely  different  wave  shape.  The  appearance 
of  this  typical  fibrillating  wave  and  the  absence  of  heart  sounds  fol- 
lowing shock  were  taken  as  conclusive  evidence  of  ventricular  fi- 
brillation. 

Threshold  of  Fibrillation 

The  threshold  current  increases  roughly  with  both  the  heart  weight 
and  body  weight  of  the  different  species  of  animals,  although  if  the 
three  smaller  species  be  considered  alone  this  relationship  does  not 
hold,  their  threshold  currents  being  practically  the  same  despite 
widely  different  body  weights.  Data  from  tests  on  a  number  of 
different  species  are  summarized  in  Fig.  2. 
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These  results  serve  to  indicate  the  probable  threshold  current  for 
man  under  similar  conditions.  The  average  weight  of  an  adult  man 
is  approximately  70  kilograms  (154  lbs.)  and  his  heart  weight,  330 
grams  (.75  lbs.).  The  average  threshold  current  for  a  body  weight  of 
70  kilograms  is  0.26  ampere  and  that  corresponding  to  a  heart  weight  of 
330  grams  is  0.29  ampere.  Knowledge  of  such  average  currents  is  use- 
ful, but  in  the  practical  application  of  this  information  it  is  the  lower 
limit  of  current  causing  ventricular  fibrillation  that  must  be  taken  into 
consideration.  The  thresholds  differ  widely  for  different  individuals  of 
the  same  species.  The  results  on  the  whole  indicate  for  man  that  cur- 
rents in  excess  of  0.1  ampere  at  60  cycles  from  hand  to  foot  would  be 
dangerous  for  shock  durations  of  three  seconds  or  more. 

Effect  of  Frequency 
To  determine  the  effect  of  changing  the  frequency  other  tests  were 
made  on  sheep  with  25-cycle  current  and  direct  current,  the  general 
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conditions   remaining    the   same   as   for   the    60-cycle   cuncni.     The 
results  of  these  tests  are  illustrated  graphically  in  Fig.  ?>. 

Susceptibility  of  Heart  in  Different 
Phases  of  Cardiac  Cycle 

Physiologists  have  established  that  the  heart  is  responsive  to 
moderate  electrical  stimuli  during  the  period  of  relaxation  (diastole) 
whereas  such  stimuli  during  the  period  of  contraction  (systole)  do  not 
elicit  further  response.  During  early  systole  {QRS  to  beginning  of  1\ 
Fig.  1)  the  heart  muscle  is  totally  unresponsive,  while  during  diastole 
(end  of  T  to  beginning  of  QRS)  the  ventricular  muscles  are  responsive 
to  stimuli.  At  the  time  of  the  T  wave  of  the  electrocardiogram,  con- 
traction starts  to  disintegrate  and  parts  of  the  ventricular  muscle  will 
respond  differently  to  electrical  stimuli.  In  view  of  these  facts  and 
some  erratic  responses  to  shocks  of  three  to  four  cycles  of  60-cycle 
current,  differences  were  expected  in  the  response  of  the  heart  to  very 
short  shocks  during  different  phases  of  its  cycle.  Special  apparatus 
was  developed  for  applying  short  shocks  at  predetermined  parts  of  the 
cardiac  cycle.  The  results  of  913  shocks  of  0.03-second  duration  on 
132  sheep  are  plotted  in  Fig.  4,  to  show  the  position  of  the  mid-point 
of  each  shock  in  the  cardiac  cycle,  approximate  shock  current  and 
whether  or  not  fibrillation  occurred.  None  of  the  shocks  occurring 
during  the  period  of  complete  contraction  or  complete  relaxation  of 
the  heart  caused  ventricular  fibrillation,  this  result  appearing  only  for 
shocks  falling  during  the  period  of  diminishing  contraction. 

Of  370  shocks  of  0.12  second  duration  applied  to  38  sheep,  only  one 
shock  definitely  outside  the  partial  refractory  phase  resulted  in 
ventricular  fibrillation.  This  shock  began  at  a  point  in  the  electro- 
cardiogram between  P  and  Q  waves  at  which  time  the  ventricles  are 
completely  relaxed  and  resting. 

Effect  of  Duration 

In  the  determination  of  thresholds  for  shocks  of  very  short  durations, 
a  third  or  less  of  the  duration  of  one  heart  beat,  the  time  of  occurrence 
of  the  shocks  was  regulated  so  as  always  to  involve  the  partial  refrac- 
tory phase,  corresponding  to  the  appearance  of  the  T  wave.  The 
thresholds  were  found  in  the  same  way  as  for  3-second  shocks,  by  ap- 
plying successive  shocks  at  intervals  of  5  minutes,  each  at  increased 
current  until  ventricular  fibrillation  resulted. 

The  effect  of  duration  on  the  threshold  is  illustrated  in  Fig.  5.  It 
is  believed  that  the  current  required  to  initiate  fibrillation  would  in- 
crease markedly  as  the  duration  is  decreased  below  0.03  second.     It 


462 


BELL   SYSTEM   TECHNICAL   JOURNAL 


!2l 


c 

c 

ooc 

0 

o 

0 

0 

■:         0 

c 

UJ 

—1 

c 

ooc 

ooc 

oo 
oc 

£ 

z 

c 
»- 

V 

> 
a 

> 
> 

0 

c 

oc 

c 

0 

/ 

5 

X 

_< 
—1 

UJ 
-UJ 

s 

-< 
o 

-< 
_J 

o 

a: 
->— 

z 

Ul 

>• 

1 

00 

oc 

c 

c 

c 

c 

0 

0 

/ 

3 
o 

0 

c 

c 

c 

Q 

c 

\ 

< 

c 

0 

oc 

00 

c 

c 

oc 
ooc 

000 

0 

c 

c 

O 

o 

UJ 

Q-  

t- 
< 

oc 

c 

c 

0 

c 

c 

0 

00 

c 

0 

c 

c 

c 

o 

c 

0 

c 

c 
c 

0 

(— 

CO  c 
UJ 

£ 

c 

000 

0 

c 

0 
c 

00 

c 
c 

oc 

ooc 
oa 

0 

ax 

UJ    - 
UJ 

O 

c 

c 

0 

0 

c 

c 
ex 

0 

0000 

c 

C              0 

0     ooo 

ooa 
oa 

1 ; 

-- 

■- 

c 



C 

4 

0 

c 

oq 

0 
CO 

oc 

c 

, 

c 

_  99^ 

c 



C      000^ 
C        000 

4 

»ooa 
oa 

oooc 

a 

V 

< 

c 

c 

4 

c 

c 

-««• 

C           00 

f 

1 

-^ 

'   '   Vt   ' 

< 

a 

o 

c 

1 

4 

•< 

c 

4 

c 

c 

* 

Mf 

c 

c 

''^ 

A 

0 

o 

c 

0 

c 

c 

c 

0 

'<•« 

X        ^ 

^ 

c 

^ffl 

UJ 

—1 

UJ 

~  ^ 

A. 

-- 

0 

-- 

(X 

4 

c 

— - 

4 
oc 

oc 

— 

-- 

c 

oc 

1 

— - 

O 

c 

0 

c 

c 

c 

0 

C 

^mki 

ooc 

!<= 
>j 

_i 

o 
o 

< 
E 

E 
>J 

c 

o 

a 

000 

000 

ooc 

000 

C 

X      ooc 

oa 

<■ 

<^ 

c 

c 

c 

00 

c 

0 

CDC 

c 

oa 

cc 

c 

cc 

o 

OOCD 

c 

000 

c 

oc 

000 

c    ococ 

oooc 

c 
c 

0 

c 

c 

0000 

==      oa 

a 

=s 

«/1 

00 

0 

c 

c 

0 
00 

CO 

oc 

0 

a 

?   < 

a 

c 

^ 

a 

DC       CCOC 

r.         COf 

,^^           oe 

c 

c 

CE 

ooS 

DOOOOC 

c 

c 

oc 

xxfl 

xoo 

cxxx 

ulXXa. 

-/ 

^ 

c 

c 
c 

-Wf 

-rrrrr 

oooc 

c 

tx 

oc      oa 

a 

oc 

oooc 

0 

mrr 

c 

<o    ^  .2 


SHOCK  CURRENT- AMPERE  GROUPS 


EFFECT  OF  ELECTRIC  SHOCK   ON  HEART 


463 


a 
^    .0, 

3   « 

E       6, 

>^ 

f-,ui  4 

-*uj  3 

o% 

?^2 


^  _i 
tttr 

DID  0, 

1    ° 

z 

2 


.0 

n" 

XX 

SHEEP- 60  CYCLES 

ELECTRODES    ON   RIGHT 
FORE- a    LEFT    HIND   LEGS 
A  0.03  SEC.  SHOCKS 
□  0.  1       SEC     SHOCKS 
X  0.  12  SEC    SHOCKS 
O  0.47   SEC.    AND   HEART 

1 

. 

.u 

I 

.0 

A 

_A 

.0 
.0 

\ 

i 

il 

X 

^ 

•  : 

i.          SEC     SHOCKS              1 

t 

"~ 

A 

pi 

r 

— 

^ 

^,, 

0 

.0 

tk 

^ 

.i: 

0 

X 

R. 

) 

n 

O 

X 

_ 



.a 

— 

— 

— 

3 

' 

— 

— 

1 — 

— 

.6 

\ 



.4 
.3 

0 

sj 

tUII 

s^^__^ 

•,FFM  1  1 

V. 

.ti 

0 

• 

{• 

1 

0.01       0.02  0.05        0.1  0.5  I  5  10 

RATIO  OF  DURATION    OF  SHOCK   TO    LENGTH    OF    HEART   BEAT 

Fig.  5 — Effect  of  duration  on  threshold. 

is,  however,  not  believed  that  increasing  the  duration  beyond  3  seconds 
would  reduce  the  average  threshold  current  appreciably  below  0.25 
ampere. 

X'entricular  fibrillation  has  been  found  to  be  the  only  serious  cardiac 
effect  of  the  currents  applied  in  these  tests;  however,  temporary  dis- 
ruptions of  normal  cardiac  activity  frequently  can  be  observed.  A 
most  common  effect  of  electric  shock  is  a  change  in  heart  rate.  Elec- 
trocardiograms after  shock  frequently  indicate  disturbances  of  con- 
duction in  the  heart.  Premature  heart  beats  (extrasystoles)  and 
fibrillation  of  the  auricles  have  also  been  observed. 

The  persistence  of  any  of  these  conditions  for  more  than  a  few 
minutes  is  rare.  There  is  no  evidence  of  any  cardiac  abnormalities  or 
the  presence  of  cardiac  damage  in  electrocardiograms  taken  at  intervals 
up  to  two  months  following  shocks  which  did  not  immediately  cause 
death. 

Effect  of  High  Currents 

There  was  evidence  from  the  work  of  Prevost  and  Battelli  and  some 
of  the  early  results  of  this  investigation  that  the  stimulus  of  a  powerful 
current  would  be  less  liable  to  cause  fibrillation  than  a  current  moder- 
ately above  the  threshold.  To  test  such  evidence  repeated  short 
shocks  of  23  to  26  amperes  were  given  to  a  group  of  sheep  in  the 
sensitive  phase  of  their  cardiac  cycle.  Ten  survived  5  shocks  each 
without  fibrillation,  while  an  eleventh  fibrillated  on  the  initial  shock. 
Each  of  the  10  surviving  sheep  was  given  additional  similar  shocks, 
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except  that  the  current  was  reduced  to  between  4  and  5  amperes. 
Five  developed  ventricular  fibrillation  on  the  first  shock,  and  3  on  the 
second  shock.  A  single  animal  survived  5  shocks,  and  another  animal 
2,  without  fibrillating.  A  comparison  and  combination  of  these 
results  and  those  previously  obtained  definitely  establish  that  the 
susceptibility  of  the  heart  to  ventricular  fibrillation  becomes  very 
much  less  when  the  current  is  increased  to  about  25  amperes,  10  times 
the  average  threshold  value  for  shocks  of  short  duration.  This 
variation  of  susceptibility  to  fibrillation  is  shown  graphically  in  Fig.  6. 
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Fig.  6 — Effect  of  current  on  susceptibility  of  sheep  hearts  to  ventricular  fibrilla- 
tion. Shocks  of  0.03  second,  60  cycles,  applied  in  partial  refractory  period  of  cardiac 
cycle.     Number  of  shocks  and  current  spread  indicated  for  each  point  on  curve. 

To  determine  whether  such  a  decrease  in  susceptibility  to  fibrillation 
would  occur  also  for  shocks  of  about  3  seconds  duration  if  the  current 
were  increased  about  15  times  the  average  threshold,  5  sheep  were 
subjected  to  4  ampere  shocks  of  3  seconds  duration.  In  all  cases 
ventricular  fibrillation  resulted  on  the  initial  shock,  indicating  either 
that  at  this  duration  no  such  decrease  in  susceptibility  takes  place 
with  increase  of  current,  or  that  4  amperes  is  not  a  sufficiently  high 
current  to  bring  it  about.  The  apparatus  was  not  capable  of  giving 
much  higher  currents  for  this  duration. 
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Fig.  6 — Effect  of  current  on  susceptibility  of  sheep  hearts  to  ventricular  fibrilla- 
tion. Shocks  of  0.03  second,  60  cycles,  applied  in  partial  refractory  period  of  cardiac 
cycle.     Number  of  shocks  and  current  spread  indicated  for  each  point  on  curve. 

To  determine  whether  such  a  decrease  in  susceptibility  to  fibrillation 
would  occur  also  for  shocks  of  about  3  seconds  duration  if  the  current 
were  increased  about  15  times  the  average  threshold,  5  sheep  were 
subjected  to  4  ampere  shocks  of  3  seconds  duration.  In  all  cases 
ventricular  fibrillation  resulted  on  the  initial  shock,  indicating  either 
that  at  this  duration  no  such  decrease  in  susceptibility  takes  place 
with  increase  of  current,  or  that  4  amperes  is  not  a  sufficiently  high 
current  to  bring  it  about.  The  apparatus  was  not  capable  of  giving 
much  higher  currents  for  this  duration. 
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Recovery  of  Heart  from  Ventricular  Fibrillation 

Recovery  of  the  heart  from  ventricular  fibrillation  by  the  application 
of  a  short  intense  shock  was  reported  first  by  Prevost  and  Battelli  in 
1899.  Kouwenhoven,  Langworthy  and  Hooker  also  have  reported 
the  recovery  of  dogs  from  fibrillation  by  the  application  of  what  has 
recently  been  termed  a  "counter-shock."  The  opportunity  to  experi- 
ment on  recovery  from  ventricular  fibrillation  with  large  animals  arose 
with  the  use  of  sheep  and  other  large  species  in  1932.  Currents  up  to 
25  or  30  amperes  were  applied  through  large  electrodes  placed  near 
the  heart. 

After  some  preliminary  tests  all  counter-shocks  were  given  with 
electrodes  outside  the  skin  on  both  sides  of  the  chest  so  as  to  include 
the  heart  between  them.  Such  counter-shocks  were  found  to  be  effec- 
tive in  recovering  coordinate  heart  action  in  about  60  per  cent  of  the 
cases. 

Figure  7  is  an  electrocardiographic  record  of  heart  action  before  and 
after  a  shock  that  caused  fibrillation  and  at  different  stages  after  the 
application  of  a  counter-shock  that  arrested  the  fibrillation  and  allowed 
the  heart  to  resume  its  coordinate  beating.  The  current  and  voltage 
of  the  fibrillating  shock  and  the  counter-shock  are  shown  also  to  the 
same  scale  for  comparison.  The  fibrillating  shock  of  6  amperes  and 
0.03  second  duration  occurred  during  the  sensitive  phase  of  the 
cardiac  cycle.  The  counter-shock  which  followed  \]/2  minutes  later 
was  of  26  amperes  for  0.1  second  duration.  Times  marked  on  the 
different  sections  are  referred  to  the  beginning  of  the  record.  It  may 
be  observed  that  the  last  electrocardiogram  is  practically  identical 
with  the  pre-shock  electrocardiogram.  Many  sheep  have  been  ob- 
served for  periods  of  months  after  recovery  from  fibrillation,  with  no 
evidence  of  abnormalities.  Several  have  given  birth  to  normal 
lambs,  and  in  many  instances  the  recovered  sheep  have  been  used  in 
subsequent  tests  and  again  recovered. 

The  possibilities  of  counter-shock  have  not  been  fully  explored  to 
determine  the  optimum  conditions  for  its  application,  particularly  as 
regards  magnitude  and  character  of  current,  its  duration,  and  points 
of  application.  In  regard  to  the  latter,  however,  it  would  seem  that 
some  short  path  embracing  the  heart  would  be  best.  Any  technique 
of  recovery  of  the  heart  must  be  applied  promptly  so  as  not  to  permit 
deterioration  of  the  brain  which  might  result  in  impairing  the  com- 
petency of  the  victim  if  recovered.  While  the  time  limit  would  depend 
on  many  factors,  it  is  a  matter  of  minutes  rather  than  seconds.  The 
prompt  application  of  artificial  respiration  ventilates  the  lungs  and  is 
believed  also  to  maintain  a  small  circulation  of  blood,  sufficient  to  delay 
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degeneration  in  the  brain.  This  is  of  fundamental  importance  in  the 
development  of  practical  recovery  methods.  Wiggers  recently  has 
pointed  out  that  maintenance  of  coronary  circulation  is  essential  for 
recovery  from  fibrillation. 

Were  suitable  arrangements  and  methods  developed  for  the  practical 
application  of  counter-shocks,  such  shocks  might  be  applied  mistakenly 
to  a  victim  whose  heart  was  not  in  ventricular  fibrillation.  To  deter- 
mine whether  in  such  an  event  ventricular  fibrillation  would  be  caused, 
5  "counter-shocks"  of  about  25  amperes  for  about  0.06  second  were 
applied  to  each  of  9  sheep  whose  hearts  were  beating  normally.  Only 
3  of  the  45  shocks  applied  caused  fibrillation,  and  in  every  such  case 
recovery  was  obtained  by  the  immediate  application  of  another 
similar  shock.  This  experiment  was  performed  in  1932  prior  to  the 
development  of  apparatus  for  the  controlled  placement  of  short  shocks, 
so  that  the  shocks  naturally  fell  at  random.  It  was  also  prior  to  the 
determination  that  such  high-current  shocks  of  short  duration  were  not 
likely  to  cause  fibrillation  even  when  the  shock  occurred  during  the 
sensitive  phase  of  the  heart  cycle.  In  the  light  of  the  subsequent 
experiments,  it  is  evident  that  the  liability  of  causing  ventricular 
fibrillation  by  randomly  placed  short  shocks  at  the  high  currents 
employed  in  counter-shock  is  small. 

Summary  of  Results  and  Conclusions 

1.  Current  rather  than  voltage  is  the  proper  criterion  of  shock 
intensity. 

2.  The  stimulating  effect  of  current  through  the  heart  can  derange 
its  action,  causing  ventricular  fibrillation  without  damage  to  the 
cardiac  tissues  but  resulting  in  death  within  a  few  minutes,  unless 
the  fibrillation  is  arrested. 

3.  A  current  just  below  the  threshold  for  ventricular  fibrillation  is 
the  maximum  to  which  man  safely  may  be  subjected.  Based  upon 
numerous  tests  on  animals  of  several  species  comparable  in  size  with 
man,  this  maximum  current  is  about  0.1  ampere  at  60  cycles  for  a 
duration  of  one  second  or  more  and  a  pathway  between  an  arm  and  a 
leg. 

4.  The  threshold  fibrillating  current  is  affected  by: 

a.  Species  and  Size  of  Animal.  Among  the  dilTerent  species  the 
threshold  current  increases  roughly  with  both  body  weight  and  heart 
weight. 

b.  Current  Pathway.  Pathways  from  arm  to  leg,  across  the  chest, 
chest  to  arm,  and  head  to  leg  may  be  expected  to  give  about  the  same 
threshold  current.     The  pathway  between  the  arms  would  be  expected 
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to  give  a  somewhat  higher  threshold  current.  F'or  the  pathway  from 
leg  to  leg,  the  proportion  of  current  reaching  the  region  of  the  heart  is 
so  small  that  fibrillation  is  not  liable  to  result,  even  at  currents  of  15 
amperes  or  more,  although  such  currents  probably  would  burn  the 
victim  unless  the  contacts  were  good  and  the  shock  of  short  duration. 

c.  Frequency.  For  shocks  of  one  second  or  more  in  duration,  the  25- 
cycle  threshold  current  is  about  25  per  cent  higher  than  the  60-cycle 
value,  and  the  d-c.  threshold  current  5  times  the  60-cycle  value.  For 
shock  durations  of  a  small  fraction  of  a  second  this  relation  probably 
does  not  hold,  all  thresholds  being  expected  to  approach  one  another. 

d.  Time  of  Occurrence  of  Short  Shocks  in  Relation  to  Cardiac  Cycle. 
The  heart  is  most  sensitive  to  fibrillation  for  shocks  occurring  during 
the  partial  refractory  phase  of  its  cycle,  which  is  about  20  per  cent  of 
the  whole  and  which  occurs  simultaneously  with  the  T  wave  of  the 
electrocardiogram.  With  shocks  of  a  duration  of  about  0.1  second  or 
less,  it  is  practically  impossible  to  produce  ventricular  fibrillation,  un- 
less such  shocks  coincide  in  part  at  least  with  this  sensitive  phase  of 
the  cardiac  cycle.  The  middle  of  the  partial  refractory  phase  is  more 
sensitive  than  its  beginning  or  end. 

e.  Duration  of  Shock.  The  threshold  current  varies  inversely  with 
shock  duration  but  not  uniformly,  being  most  sensitive  to  change  as 
the  duration  approaches  the  duration  of  one  heart  beat.  Within  the 
sensitive  phase  of  the  heart  cycle  the  threshold  fibrillating  current  for 
shock  durations  of  about  0.1  second  or  less  is  10  or  more  times  the 
threshold  for  durations  of  one  second  or  more.  Shocks  \i  or  more  of 
the  heart  cycle  in  duration  may  cause  ventricular  fibrillation,  even 
though  they  would  not  extend  into  the  sensitive  phase  of  the  cycle  if 
the  heart  continued  its  normal  beat  after  the  initiation  of  the  shock. 
The  reason  for  this  is  probably  the  initiation  of  a  premature  heart 
beat  which  brings  about  a  premature  sensitive  phase  prior  to  the  end 
of  the  shock. 

5.  Successive  shocks  have  no  cumulative  efifect  on  the  susceptibility 
of  the  heart  to  fibrillation. 

6.  The  susceptibility  of  the  heart  to  fibrillation  by  short  shocks 
increases  with  current  up  to  several  times  the  threshold,  then  di- 
minishes, becoming  very  small  at  currents  of  the  order  of  25  amperes 
through  the  body  in  the  vicinity  of  the  heart.  However,  other  serious 
injury  may  be  expected  from  such  currents  when  brought  about  by 
accidental  contacts. 

7.  Fibrillation  produced  by  an  electric  shock  will  in  the  majority  of 
cases  be  arrested  by  a  subsequent  electric  shock  of  high  intensity  and 
short  duration  through  the  heart,  allowing  the  resumption  of  co- 
ordinate beating  with  no  permanent  damage. 
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With  about  60  per  cent  success  in  recovering  animals  comparable 
in  size  to  man  from  ventricular  fibrillation  by  the  application  of  a 
rather  arbitrarily  chosen  counter-shock,  further  study  is  desirable  to 
develop  the  optimum  conditions  and  practical  apparatus  for  utilizing 
this  method  in  accident  cases.  The  use  of  a  simple  electrocardiograph 
appears  desirable  since  ventricular  fibrillation  cannot  be  recognized 
positively  by  stethoscopic  examination. 

Should  a  counter-shock  be  applied  mistakenly  to  a  coordinately 
beating  heart,  the  liability  of  its  causing  fibrillation  is  small  and, 
should  this  occur,  another  counter-shock  probably  will  arrest  the 
fibrillation  and  bring  back  coordinate  heart  action. 

To  be  successful,  a  counter-shock  must  be  administered  promptly 
after  the  fibrillating  shock,  probably  within  a  few  minutes. 

The  use  of  a  counter-shock  does  not  in  any  way  lessen  the  need  for 
maintaining  respiration,  by  artificial  means  if  necessary.  In  fact,  the 
administration  of  artificial  respiration  even  in  the  interval  before  ap- 
plication of  a  counter-shock  is  highly  advisable,  not  only  for  respiration 
itself,  but  because  of  the  accompanying  slight  circulation  which  will 
assist  in  the  nutrition  of  the  heart  and  delay  degeneration  of  the  brain. 


A  New  High-Efficiency  Power  Amplifier 
for  Modulated  Waves  * 

By  W.  H.  DOHERTY 

THE  use  of  increasingly  higher  power  levels  in  broadcasting  in  the 
last  few  years  has  attached  new  importance  to  the  matter  of  more 
efficient  operation  of  the  high-power  stages  in  radio  transmitters. 
The  resulting  reductions  in  cost  of  power,  size  of  high-voltage  trans- 
formers and  rectifier,  and  water  cooling  requirements,  are  of  particular 
importance  in  transmitters  having  outputs  of  50  kilowatts  or  more. 

The  linear  radio-frequency  power  amplifier,  in  the  form  in  which  it 
has  been  used  extensively  in  broadcast  transmission,  may  not  be 
operated  at  a  plate  efficiency  higher  than  about  33  per  cent,  if  it  is  to 
supply  the  peak  power  required  for  amplifying  a  completely  modulated 
wave.  With  this  efficiency  the  d-c  power  input  to  a  50-kilowatt 
amplifier,  for  example,  is  150  kilowatts,  of  which  100  kilowatts  must 
be  dissipated  at  the  anodes  of  the  water-cooled  tubes. 

This  inherent  weakness  of  the  conventional  linear  amplifier  has 
occasioned  the  development  of  certain  other  systems  of  amplification 
or  modulation  which  permit  a  more  economical  use  of  power.  Of 
these  the  high-level  Class  B  modulation  system  ^  and  the  ingenious 
"outphasing  modulation"  scheme  of  Chireix  ^  are  most  worthy  of 
note. 

A  new  form  of  linear  power  amplifier  has  been  developed  which 
removes  the  limitation  of  low  efficiency  inherent  in  the  conventional 
circuit,  permitting  efficiencies  of  60  to  65  per  cent  to  be  realized,  while 
retaining  the  principal  advantages  associated  with  low-level  modula- 
tion systems  and  linear  amplifiers,  namely,  the  absence  of  any  high- 
power  audio  equipment,  the  ease  of  adding  linear  amplifiers  to  existing 
equipment  to  increase  its  power  output,  and  the  adaptability  of  such 
systems  to  types  of  transmission  other  than  the  carrier-and-double- 
side-band  transmission  most  common  at  present. 

Linear    radio-frequency    power    amplifiers    are    ordinarily    biased 

*  Digest  of  a  paper  presented  before  the  Annual  Convention  of  the  Institute  of 
Radio  Engineers,  May  11-13,  1936,  at  Cleveland,  Ohio,  and  to  be  published  later  in 
the  Proceedings. 

'  Chambers,  Jones,  Fyler,  Williamson,  Leach,  and  Hutcheson,  "The  WLW  500- 
Kilowatt  Broadcast  Transmitter,"  Proc.  I.  R.  E.,  Vol.  22,  p.  1151,  October,  1934. 

2  Chireix,  "High  Power  Outphasing  Modulation,"  Proc.  I.  R.  £.,  Vol.  23,  p.  1370, 
November,  1935. 
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nearly  to  the  cut-off  point  so  that  the  plate-current  pulse  width  is 
approximately  a  half  cycle.  Under  these  conditions  the  plate  efficiency 
is  proportional  to  the  amplitude  of  the  radio-frequency  plate  voltage. 
It  is  possible  to  obtain  large  outputs  from  tubes  with  radio-frequency 
plate  voltage  amplitudes  of  0.85  to  0.9  of  the  applied  d-c  potential, 
i.e.,  with  the  plate  voltage  swinging  down  to  a  minimum  value  as  low 
as  10  to  15  per  cent  of  the  d-c  potential.  The  corresponding  plate 
efficiency  for  the  tube  and  its  tuned  circuit  is  approximately  67  per 
cent.  This  condition,  however,  prevails  only  at  the  peak  output  of 
the  amplifier,  and  since  the  amplitude  of  the  plate  voltage  wave,  in  a 
transmitter  capable  of  100  per  cent  modulation,  is  only  half  as  great 
for  the  unmodulated  condition  as  for  the  peaks  of  modulation,  the 
efficiency  with  zero  modulation  in  the  conventional  amplifier  does  not 
exceed  half  this  peak  value,  or  about  33  per  cent.  Even  during  com- 
plete modulation  the  effective  efficiency  over  the  whole  audio  cycle  is 
only  50  per  cent,  and  for  the  average  percentage  modulation  of  broad- 
cast programs  the  all-day  efficiency  is  only  slightly  greater  than  the 
efficiency  for  unmodulated  carrier. 

In  order  to  improve  this  situation  it  is  necessary  to  devise  a  system 
in  which  the  amplitude  of  the  alternating  plate  voltage  wave  is  high 
for  the  unmodulated  condition,  and  in  which  the  increased  output 
required  for  the  positive  swings  of  modulation  is  obtained  in  some 
other  manner  than  by  an  increase  in  this  voltage. 

A  simple  and  fundamental  means  is  available  for  achieving  this 
result.     One  embodiment  of  the  scheme  is  illustrated  in  Fig.  1.     Each 
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Fig.  1 — Form  of  high-efficienc\-  circuit. 

of  the  two  tubes  shown  in  this  figure  is  designed  to  deliver  a  peak 
power  of  E^/R  watts  into  an  impedance  of  R  ohms.  The  total  peak 
output  of  the  two  tubes  being  lE^/R  watts,  the  tubes  are  suitable  for 
use  in  an  amplifier  whose  carrier  output  is  one-fourth  of  this  value, 
or  E^jlR  watts.  If  the  tubes  were  to  be  connected  in  parallel  in  a 
conventional  amplifier  circuit  the  load  impedance  used  would  be 
i?/2  ohms,  and  each  tube  would  w'ork  effectively  into  R  ohms  by  virtue 
of  the  presence  of  the  other  tube.  The  same  load  impedance  Rjl  is 
used  in  the  new  circuit,  but  between  the  load  and  one  of  the  tubes 
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(Tube  1)  there  is  interposed  a  network  which  simulates  a  quarter-wave 
transmission  line  at  the  frequency  at  which  the  amplifier  is  operated. 

It  is  a  well-known  property  of  quarter- wave  transmission  lines  and 
their  equivalent  networks  that  their  input  impedance  is  inversely 
proportional  to  the  terminating  impedance.  The  network  of  Fig.  1, 
in  particular,  presents  to  Tube  1  an  impedance  of  R  ohms  when  its 
effective  terminating  impedance  is  also  R  ohms,  that  is,  when  half  of 
the  power  in  the  load  is  being  furnished  by  Tube  2;  but  should  Tube  2 
be  removed  from  the  circuit,  or  prevented  from  contributing  to  the 
output,  the  terminating  impedance  of  the  network  would  be  reduced 
to  R/2  ohms,  with  a  consequent  increase  in  the  impedance  presented 
to  Tube  1  from  R  to  2R  ohms.  Under  this  condition  Tube  1  could 
deliver  the  carrier  power  E^jlR  at  its  maximum  alternating  plate 
voltage  E  and  consequently  at  high  efficiency. 

The  operation  of  the  amplifier  over  the  modulation  cycle  is  as  fol- 
lows: The  grids  of  both  tubes  are  excited  by  the  modulated  output  of 
the  preceding  amplifier  stage,  but  for  all  instantaneous  outputs  from 
zero  up  to  the  carrier  level  Tube  2  is  prevented  by  a  high  grid  bias  from 
contributing  to  the  output,  and  the  power  is  obtained  entirely  from 
Tube  1,  which  is  working  into  2R  ohms,  twice  the  impedance  into  which 
it  is  to  work  when  delivering  its  peak  output.  In  consequence,  the 
radio-frequency  plate  voltage  on  this  tube  at  the  carrier  output  is 
nearly  as  high  as  is  permissible  and  the  efficiency  is  correspondingly 
high.  Beyond  this  point  the  dynamic  characteristic  of  Tube  1,  un- 
assisted, would  flatten  off  very  quickly  because  the  plate  voltage  swing 
could  not  be  appreciably  increased.  Tube  2,  however,  is  permitted 
to  come  into  play  as  the  instantaneous  excitation  increases  beyond  the 
carrier  point.  In  coming  into  play  Tube  2  not  only  delivers  power  of 
itself,  but  through  the  action  of  the  impedance-inverting  network 
causes  an  effective  lowering  of  the  impedance  into  which  Tube  1 
works,  so  that  Tube  1  may  increase  its  power  output  without  increasing 
its  plate  voltage  swing,  which  was  already  a  maximum  at  the  carrier 
point.  At  the  peak  of  a  100-per-cent  modulated  wave  each  tube  is 
working  for  an  instant  into  the  impedance  R  most  favorable  to  large 
output  and  delivering  E^jR  watts,  twice  the  carrier  power,  so  that  the 
total  instantaneous  output  is  the  required  value  of  four  times  the 
carrier  power.  Thus  the  required  tube  capacity  is  the  same  as  in  a 
conventional  linear  power  amplifier. 

Since  it  is  usually  desirable  in  power  amplifiers  to  provide  low- 
impedance  paths  for  the  harmonic  components  of  the  radio-frequency 
plate  current  wave,  the  reactive  elements  designated  —jR  in  a  practical 
circuit  ordinarily  consist  of  a  considerably  larger  capacity  shunted  by 
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a  coil,  and  in  the  tuning  process  either  the  coil  or  the  condenser  is 
adjusted  so  that  the  impedance  of  the  combination  is  the  required 
value  of  —jR  ohms.  The  effective  shunt  load  Rjl  is  then  usually 
obtained  by  coupling  the  radiating  system  of  the  transmitter  to  the 
necessary  extent  into  the  parallel  circuit  associated  with  Tube  2. 

The  presence  of  a  quarter-wave  network  in  the  output  circuit  of 
the  amplifier  causes  the  plate  potentials  on  the  two  tubes  to  be  90 
degrees  apart  in  phase.  This  requires  that  the  voltages  impressed  on 
the  two  grids  be  90  degrees  apart  in  order  that  each  may  be  opposite 
in  phase  to  the  related  plate  potential,  as  is  necessary  in  any  power 
amplifier.  In  addition  to  this  phase  requirement,  there  arises  from 
the  variation  in  load  impedance  for  Tube  1  the  requirement  that  the 
excitation  on  this  tube  shall  rise  considerably  less  than  100  per  cent  on 
the  positive  peaks  of  modulation.  Without  some  limiting  action  on 
this  excitation  the  grid  current  in  Tube  1  would  be  excessive  and  would 
result  in  a  diminution  of  its  output  at  modulation  peaks. 

Both  of  these  requirements  concerning  the  input  to  the  amplifier 
are  satisfied  by  the  use  of  the  input  circuit  shown  in  Fig.  2.     With  the 
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Fig.  2 — Input  circuit  for  a  high-efficiency  amplifier. 

output  of  the  previous  stage  applied  directly  to  the  grid  of  Tube  2, 
the  resulting  excitation  Ei  on  Tube  1  is  proportional  to  the  terminating 
resistance  Ri  of  the  quarter-wave  network.  With  a  suitable  value  of 
Ri  the  input  conductance  of  Tube  1  arising  from  the  flow  of  grid 
current  at  high  excitations  causes  an  effective  lowering  of  R\  which 
gives  the  desired  limiting  action  on  the  excitation.  At  the  same  time 
the  input  impedance  X^JRi  of  the  quarter-wave  network  is  increased, 
compensating  to  a  large  extent  for  the  shunting  effect  of  the  grid 
current  in  Tube  2,  so  that  the  previous  stage  is  assisted  in  maintaining 
the  proper  excitation  on  the  amplifier. 

In  a  preliminary  study  of  the  behavior  of  an  amplifier  under  these 
new  conditions  of  operation,  the  results  shown  in  Fig.  3  were  obtained 
with  a  pair  of  small  tubes.  The  radio-frequency  plate  potential  of 
Tube  2  is  the  potential  across  the  load  circuit  and  is  required  to  be 
linear  with  excitation.     The  short  dotted  portion  halfway  up  on  this 
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characteristic  shows  the  curvature  that  would  he  obtained  if  rul)e  2 
were  not  allowed  to  come  into  action.  With  proper  adjustment  of  the 
bias  and  relative  excitation  on  Tube  2  this  effect  is  eliminated  and  the 
characteristic  continues  to  rise  up  to  the  desired  peak  amplitude. 
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Fig.  3 — Dynamic  characteristics  of  an  experimental  low-power 
high-efficiency  amplifier. 

The  radio-frequency  plate  voltage  of  Tube  1  is  seen  to  be  twice 
that  of  Tube  2  up  to  the  point  where  curvature  begins,  and  then  to 
increase  only  slightly  between  the  carrier  output  and  peak  output. 
The  plate  current  of  Tube  2  commences  just  before  the  carrier  point 
is  reached  and  rises  twice  as  rapidly  as  the  plate  current  of  Tube  1. 
The  equality  of  plate  currents  and  radio-frequency  plate  potentials 
on  the  two  tubes  at  the  peak  of  modulation  indicates  that  the  tubes 
are  contributing  about  equally  to  the  instantaneous  output  at  this 
point. 

The  high  radio-frequency  plate  potential  of  Tube  1  at  the  carrier 
amplitude  results  in  an  efficiency  of  63  per  cent,  and  by  integrating  the 
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d-c  plate  currents  of  Fig.  3  over  a  complete  cycle  of  modulation  it  is 
found  that  the  effective  average  efficiency  at  100  per  cent  modulation 
is  also  63  per  cent.  The  d-c  plate  current  of  the  amplifier  therefore 
rises  50  per  cent  with  full  modulation,  as  does  the  output  power. 

The  necessity  for  careful  adjustment  of  the  relative  excitation  and 
bias  on  Tube  2,  to  obtain  a  linear  characteristic  in  the  amplifier,  is 
eliminated  when  the  feedback  principle  ^  due  to  Black  is  employed. 
Negative  feedback  may  be  used  in  radio  transmitters  at  either  radio 
frequency  or  audio  frequency.  The  resulting  improvements  in  line- 
arity are  useful  in  noise  reduction  as  well  as  in  distortion  correction. 
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Fig.  4 — Distortion  measurements  on  a  50-kilowatt  transmitter. 

Figure  4  gives  the  results  of  distortion  measurements  on  a  complete 
50-kilowatt  transmitter  built  in  the  Laboratories  and  operating  at  a 
plate  circuit  efficiency  for  the  final  stage  of  60  per  cent.  The  use  of 
28  db  of  audio-frequency  feedback,  besides  permitting  alternating- 
current  filament  heating  for  all  of  the  tubes,  resulted  in  a  distortion 
level  less  than  1  per  cent  at  any  frequency  between  50  and  1000  cycles. 
At  the  higher  audio  frequencies  the  feedback  is  less  effective  because 
of  the  cumulative  phase  shifts  in  the  various  stages.  The  percentage 
modulation  actually  occurring  in  a  broadcast  program  at  these  high 
frequencies,  however,  is  so  small  that  the  distortion  measured  at  high 
percentages  of  modulation  is  not  of  practical  significance.  The  test, 
moreover,   was   made   at   the   low-frequency  end   of   the   broadcast 

'  H.  S.  Black,  "Stabilized  Feedback  Amplifiers,"  Electrical  Engineering,  January, 
1934;  Bell  Sys.  Tech.  Jour.,  January,  1934. 
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spectrum,  where  the  effect  is  most  pronounced  because  of  the  smaller 
band  width. 

The  power  required  by  this  transmitter,  including  all  auxiliary 
equipment,  was  135  kilowatts  with  normal  program  modulation,  as 
compared  with  approximately  230  kilowatts  required  in  the  usual  50- 
kilowatt  installation. 

High-efficiency  operation,  in  addition  to  affording  a  large  saving 
in  the  plate  power  supply,  reduces  the  plate  dissipation  by  a  factor 
of  three  or  four,  with  a  resulting  economy  in  the  cooling  system  and  an 
improvement  in  tube  life. 

The  absence  of  any  such  requisites  as  the  complicated  driving  stages 
of  the  Chireix  system  or  the  large  audio  equipment  involved  in  high- 
level  modulation  gives  the  new  circuit  an  important  advantage  over 
other  high-efficiency  systems  in  cost  of  apparatus  and  simplicity  of 
design.  The  new  amplifier,  moreover,  is  operated  at  a  plate  voltage 
consistent  with  safety  to  the  tubes,  and  is  therefore  not  subject  to  the 
operating  difficulties  encountered  at  the  high  peak  plate  voltages 
required  in  high-level  modulation. 


Abstracts  of  Technical  Articles  from  Bell  System  Sources. 

A  Review  of  Radio  Communication  in  the  Mobile  Services.^  Clifford 
N.  Anderson.  Developments  in  radio  communication  in  the  mobile 
services  during  1935  have  been  largely  in  the  nature  of  gradual  im- 
provement of  existing  equipments  and  services. 

In  the  marine  field,  the  safety-of-life  aspect  is  assuming  increased 
importance.  Rearrangements  have  been  made  of  the  frequencies 
and  the  schedules  of  radio  beacons  to  avoid  interference  thereby  mak- 
ing the  system  more  effective.  The  improvement  of  radio  compasses, 
regulations  regarding  motor  lifeboat  equipment  and  public  address 
alarm  systems,  requirements  for  radio  auto  alarms  and  experimentation 
with  collision  prevention  equipment  are  other  items  on  which  progress 
has  been  made  the  past  year.  The  development  in  marine  radio- 
telegraphy  has  been  chiefly  along  the  lines  of  greater  application  of  the 
high  frequencies.  Directional  antennas  at  the  shore  receiving  stations 
have  mitigated  the  effects  of  interference.  Facsimile  transmission  of 
weather  maps  and  press  is  being  tried  out.  Improvements  have  been 
made  in  radio  telephone  equipments  of  various  powers  and  frequency 
ranges  for  various  types  of  marine  service.  A  system  utilizing  ultra- 
high frequencies  was  put  into  operation  at  Philadelphia  during  the  year. 
Three  commercial  stations  are  in  operation  in  the  two-megacycle  range, 
the  one  at  Seattle  having  been  opened  this  year. 

Radio  is  an  important  factor  in  the  operation  of  modern  air  lines. 
Special  mention  should  be  made  of  the  important  role  played  by  radio 
in  the  newly  established  transpacific  service  by  the  Pan  American 
Airways.  Improvements  have  been  made  during  the  year  in  airway 
beacons  and  radio  compasses;  airport  traffic  control  and  blind  landing 
systems  are  being  tried  out.  In  addition  to  the  beacon  and  communi- 
cation receiver,  a  small  five-watt  transmitter  has  been  made  available 
for  the  use  of  itinerant  flyers  in  communicating  with  airports. 

The  use  of  radiotelephony  with  police  cars  is  the  most  important 
application  of  radio  with  automobiles.  There  are  two  general  types 
of  this  service,  both  of  which  have  expanded  materially  during  the  past 
year.  One  consists  of  a  one-way  service  from  police  headquarters  to 
the  cars  and  is  usually  conducted  on  a  frequency  in  the  range  of  1500 
to  2500  kilocycles.  The  other  is  a  two-way  service  generally  operating 
in    the   ultra-high-frequency   range   of   30,000   to   40,000   kilocycles. 

'  Proc.  I.  R.  E.,  March,  1936. 
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Another  phase  of  radio  with  automobiles  is  the  use  of  Ijroadcast 
receivers  in  pleasure  cars.  Under-the-car  antennas,  made  necessary 
by  introduction  of  all  metal  automobile  tops,  inclusion  of  the  radio 
control  as  a  part  of  the  instrument  board,  and  the  use  of  circuits  for 
reducing  ignition  noise  are  the  more  important  features  of  1935 
developments. 

Photons  and  Electrons}  Karl  K.  Darrow.  In  a  book  entitled 
"Biological  EfYects  of  Radiation"  edited  by  Professor  B.  M.  Duggar 
of  the  University  of  Wisconsin,  Dr.  Darrow  contributes  the  first 
chapter  of  42  pages.  In  descriptive  and  brief  manner  the  following 
topics  are  discussed:  \\'aves  and  Corpuscles;  Monochromatic  light  and 
measurement  of  wave-length;  External  photoelectric  effect  and 
measurement  of  photon  energy;  Units  of  wave-length,  wave  number, 
frequency,  and  photon  energy;  Regions  of  the  spectrum;  Absorption 
of  light  by  atoms;  Continua  in  absorption  spectra,  and  ionization  by 
light;  Theory  of  absorption  lines;  Terms;  Absorption  in  X-ray  region; 
Emission  of  light;  X-ray  emission  spectra;  Production  of  X-rays; 
Production  of  light  of  the  optical  spectrum;  Scattering  of  light  without 
change  of  frequency;  Scattering  of  light  with  change  of  frequency; 
Scattering  of  X-rays;  Transmutation  of  electron-pairs  and  photons. 

Neutralizing  Transformer  to  Protect  Power  Station  Communication} 
E.  E.  George,  R.  K.  Honaman,  L.  L.  Lockrow,  E.  L.  Schwartz. 
The  use  of  commercial  telephone  circuits  by  power  companies  for  a 
wide  range  of  communication  services  including  not  only  telephone 
but  also  telemetering,  remote  alarms,  supervisory  control  and  pilot 
wire  control  has  focused  attention  on  the  problems  of  protection  of 
this  type  of  service.  Where  such  circuits  enter  power  stations  which 
are  subject  to  rise  in  ground  potential  at  times  of  faults,  the  neutralizing 
transformer  provides  a  means  of  securing  adequate  protection.  Cir- 
cuits operated  into  power  stations  through  neutralizing  transformers 
experience  no  adverse  effects  from  potential  rise  up  to  4,000  volts 
r.m.s.  This  result  is  produced  by  causing  the  transformer  to  introduce 
into  affected  communication  circuits  a  counter  voltage  to  neutralize 
the  difference  in  ground  potential.  Transformers  for  indoor  and  out- 
door use  have  been  designed.  The  characteristics  are  such  that  they 
produce  substantially  no  adverse  reaction  upon  the  transmission  over 
the  communication  circuits  they  protect.  Trials  were  made  in  the 
territory  of  the  Tennessee  Electric  Power  Company.     In  five  locations 

2  Chapter  in  book,  "Biological  Effects  of  Radiation,"  Vol.  I,  McGraw-Hill  Book 
Company,  Inc.,  1936. 

'  Elec.  Engg.,  May,  1936. 
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in  which  transformers  have  been  installed,  they  have  prevented  in- 
terruption of  the  circuits  not  only  for  long  periods  but  also  for  short 
periods  lasting  only  for  the  duration  of  a  surge. 

On  the  Preparation  of  Iron  and  Steel  Specimens  for  Microscopic 
Investigations.^  Francis  V.  Lucas.  A  given  lens  system  has  certain 
potential  resolving  powers.  This  potential  resolving  power  may  or 
may  not  be  fully  realized  in  practice.  Even  a  low  power  objective  has 
remarkable  resolving  ability  and  the  very  high  aperture  objectives  are 
capable  of  furnishing  sharp  brilliant  images  of  details  measuring  about 
two  hundred  atom  diameters. 

The  author  describes  in  this  paper  methods  and  materials  for  the 
critical  preparation  of  iron  and  steel  specimens.  A  flotation  apparatus 
which  he  has  developed  for  the  preparation  of  abrasives  is  described 
and  a  typical  particle  size  analysis  of  a  magnesium  oxide  abrasive 
prepared  by  this  method  is  given. 

Some  Alloys  of  Copper  and  Iron  {The  Tensile,  Electrical  and  Corrosion 
Properties)}  Earle  E.  Schumacher  and  Alexander  G.  Souden. 
Bars  of  copper-iron  alloy  0.75  and  1.0  in.  in  diameter  and  20  in.  in 
length  were  prepared  with  compositions  ranging  from  75  Cu-25  Fe  to 
37.5  Cu-62.5  Fe  without  segregation  sufficient  to  detect  by  differences 
in  electrical  and  mechanical  properties.  These  alloys  were  hot  worked 
satisfactorily  to  0.25  in.  rod.  The  copper-iron  alloys  in  the  range 
investigated  consist  of  a  mixture  of  solid  solutions  of  the  constituent 
elements,  the  phasial  relationships  of  which  depend  on  the  thermal 
treatment. 

A  few  of  the  observations  made  concerning  these  alloys  are  listed 
below: 

1.  The  alloys  in  the  range  investigated  are  of  the  precipitation  harden- 

ing type,  but  do  not  require  a  drastic  quenching  treatment  to 
retain  a  supersaturated  iron-rich  phase.  The  optimum  com- 
bination of  tensile  and  electrical  properties  is  obtained  in  the 
50  copper-50  iron  alloy  by  aging  at  500°  C.  followed  by  hard 
drawing. 

2.  High  tensile  strengths  associated  with  desirable  electrical  conduc- 

tivities can  be  developed  for  certain  of  the  compositions.  An 
alloy  of  50  Cu-50  Fe,  for  example,  can  be  prepared  in  the  No. 
18  AWG  with  an  ultimate  strength  of  180,000  to  190,000  lbs. 
per  sq.  in.  and  an  electrical  conductivity  of  approximately 
30  per  cent. 

*  Trans.  Amer.  Soc.for  Metals,  March,  1936. 
6  Metals  and  Alloys,  April,  1936. 
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3.  The  alloy  of  50  copper-50  iron  can  be  satisfactorily  tinned  com- 

mercially. 

4.  Within  the  rang:e  of  alloys  studied,  corrosion  resistance  decreases 

with  increase  of  iron  content.  Various  corrosion  tests  indicate 
that  these  alloys  might  prove  corrosion  resistant  in  inland  rural 
districts,  but  that  they  are  unsuitable  for  use  in  marine  at- 
mospheres and  would  probably  be  unsatisfactory  in  most 
industrial  atmospheres,  particularly  in  regions  near  the  sea 
coast. 

A  Study  of  the  Electromagnetic  Field  in  the  Vicinity  of  a  Radiator.^ 
F.  R.  Stansel.  The  complete  equations  for  the  electromagnetic  field 
of  an  infinitesimal  current  element  are  given.  The  integration  of  these 
equations  is  considered  for  the  case  of  a  finite  radiator  having  an 
empirical  current  distribution.  Tables  are  included  to  facilitate 
computation  and  consideration  is  given  to  difference  in  phase  of  the 
current  in  various  portions  of  the  radiator. 

An  Analysis  of  Theater  and  Screen  Illumination  Data  J  S.  K.  Wolf. 
During  the  past  twenty  years  much  information  on  theater  and  screen 
illumination  has  been  accumulated.  The  significance  and  reliability 
of  these  data  are  discussed  in  the  light  of  known  physical  factors 
influencing  proper  illumination.  As  a  first  approximation  to  a  stand- 
ard, it  is  suggested  that  the  data  indicate  a  value  of  8  to  12-foot  candles 
as  representing  satisfactory  illumination.  Variation  of  required 
illumination  with  screen  size  is  analyzed,  and  a  solution  of  the  problem 
is  suggested.  The  brightness  of  screen  surroundings  also  is  discussed. 
It  is  concluded  that  improvement  in  projection  may  be  made  by 
stricter  application  of  existing  information  but  that  further  investi- 
gations are  desirable. 

^Proc.  I.  R.  E.,  May,  1936. 
'  Jour.  S.  M.  P.  E.,  May,  1936. 
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Technical  Developments  Underlying  the  Toll  Services  of 

the  Bell  System* 

Early  Developments 

General — Telephone  Instruments 

'T^ELEPHONY  involves  the  transmission  of  speech  to  a  distance 
•^  by  electrical  means.  Speech  itself,  physically  considered,  con- 
sists of  rapid  longitudinal  variations  in  air  pressure,  or  acoustic  waves 
as  they  are  called,  traveling  out  from  the  mouth  of  the  speaker  or  to 
the  ear  of  the  listener.  Each  sound  has  its  characteristic  wave  form 
or  group  of  wave  forms  and  as  a  result  these  acoustic  waves  are  of 
complicated  and  rapidly  changing  wave  form  as  is  illustrated  by  the 
oscillograms  on  Fig.  1  showing  the  structure  of  the  electrical  current 
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Fig.  1- 


-Oscillograms  showing  electrical  current  in  a  telephone  circuit  resulting  from 
spoken  word  "Harvard"  and  vowel  in  "Har." 


in  a  telephone  circuit  resulting  from  the  spoken  word  "Harvard,"  and, 
in  more  detail,  the  vowel  in  "Har."  The  telephonic  transmission  of 
speech  requires,  therefore,  three  fundamental  elements: 

(a)  An  instrument  which,  when  acted  upon  by  the  acoustic  waves 

of    the    speaker's    voice,    produces    in    an    electrical    circuit 

oscillations  or  waves  suitable  to  represent  the  voice  of  the 

speaker.     This  is  the  telephone  transmitter. 

*  At  the  request  of  the  Federal  Communications  Commission,  this  pamphlet  was 
recently  prepared  to  give  the  Commission  a  brief  account  of  some  of  the  principal 
technical  developments  which  have  led  to  telephone  toll  service  as  given  by  the  Bell 
System.  As  it  brings  together  in  concise  form  a  summary  of  a  large  amount  of  infor- 
mation of  interest  to  communications  people  generally,  it  is  being  issued  with  a  few 
minor  editorial  revisions  as  a  supplement  to  the  Technical  Journal. 

H.  S.  Osborne 


(b)  A  circuit  from  the  point  of  transmission  to  the  point  of  reception 

suitable  to  transmit  these  compHcated  electrical  oscillations 
in  the  proper  magnitude  without  undue  distortion  of  form 
and  without  interference  from  electrical  currents  from  other 
sources.     This  is  the  telephone  circuit. 

(c)  An  instrument  which,  receiving  the  electrical  oscillations  trans- 

mitted over  the  line  from  the  telephone  transmitter,  repro- 
duces acoustic  waves  of  proper  loudness  and  quality  to 
correspond  with  those  produced  by  the  speaker's  voice,  by 
means  of  which  waves  the  speech  is  transmitted  to  the 
listener.     This  is  the  telephone  receiver. 

The  telephone  invented  by  Bell  in  1875  corresponded  in  principle 
to  the  telephone  receiver  of  today  and  could  be  used  alternately  as  a 
telephone  transmitter  and  a  telephone  receiver.  It  consists  of  a  dia- 
phragm of  magnetic  material  associated  with  a  magnet  and  coils  of 
wire.  When  this  instrument  is  placed  before  the  speaker's  mouth, 
the  variations  in  acoustic  pressure  cause  the  diaphragm  to  vibrate. 
The  instrument  is  so  designed  that  this  vibration  in  the  presence  of  a 
magnet  produces  electrical  oscillations  in  the  coils  of  wire.  When 
these  oscillations  are  transmitted  over  the  telephone  circuit  to  the 
coils  of  wire  in  a  similar  instrument,  they  cause  variations  in  the 
strength  of  the  magnet  which,  in  turn,  cause  vibrations  of  the  dia- 
phragm of  the  receiving  telephone.  The  vibrations  of  the  diaphragm 
produce  acoustic  waves  which  reproduce  the  speech  of  the  talker  at  the 
distant  end  of  the  circuit. 

This  instrument  is  very  inefficient  as  a  telephone  transmitter  and 
from  earliest  days  efforts  were  directed  toward  the  development  of 
transmitters  working  on  a  different  principle.  Bell  himself  suggested 
the  principle  most  generally  used.  This  principle  is  that  the  vibration 
of  the  transmitter  diaphragm  shall  vary  the  resistance  of  a  local  electri- 
cal circuit  through  which  current  is  caused  to  flow  by  a  battery.  The 
variation  in  resistance  can  cause  variations  in  the  flow  of  current 
sufficient  to  induce  relatively  powerful  electrical  oscillations  in  the 
telephone  circuit — in  fact,  the  oscillations  so  induced  may  have  a 
power  several  hundred  times  as  great  as  that  of  the  acoustic  waves 
produced  by  the  speaker.  The  telephone  transmitters  acting  on  this 
principle  are,  therefore,  powerful  amplifiers. 

In  his  early  work.  Bell  devised  a  transmitter  working  on  this  princi- 
ple consisting  of  a  small  platinum  wire  attached  to  a  diaphragm  of 
goldbeaters  skin  and  dipped  very  slightly  into  acidulated  water  held 
in  a  conducting  cup.     It  was  with  this  instrument  that  the  first 


complete  telephone  sentence,  "Mr.  Watson,  come  here,  I  want  you," 
was  successfully  transmitted  on  March  10,  1876. 

Almost  from  the  hrst,  the  efforts  of  inventors  to  develop  successful 
telephone  transmitters  made  use  of  this  principle,  and  while  many 
variable  resistance  elements  were  tried  out  with  some  degree  of  success, 
transmitters  employing  granular  carbon,  the  resistance  of  which  varies 
with  pressure,  were  the  most  satisfactory.  Such  a  transmitter  devised 
in  1878  by  Runnings  of  England  using  powdered  "engine  coke"  was 
extensively  used  commercially.  Better  performance  was  provided  by 
the  design  in  1890  by  White  of  the  Bell  System  of  the  so-called  "solid- 
back"  transmitter.  This  principle  and  the  use  of  carbon  transmitter 
elements  have  survived  through  numerous  improvements  in  transmitter 
design  and  are  applied  to  millions  of  telephone  instruments  in  use  today. 

The  telephone  station  of  today  includes,  generally  speaking,  a 
transmitter  of  the  variable  resistance  type,  a  receiver  based  on  the 
principle  of  Bell's  original  discovery,  both  of  these  instruments  being 
modern  in  design,  includes  induction  coils,  condensers,  etc.,  necessary 
for  electrically  associating  the  transmitter  and  the  receiver  with  each 
other  and  with  the  telephone  line  and,  in  addition,  includes  such  items 
as  a  bell,  a  switchhook,  etc.  w^hich  are  necessary  for  signaling  and 
control  of  the  telephone  circuit. 

Telephone  Switching  Systems 

Very  early  in  the  practical  use  of  the  telephone,  it  became  evident 
that  the  full  usefulness  of  this  method  of  communication  required  the 
development  of  means  by  which  any  subscriber  could  quickly  obtain 
connection  between  his  telephone  and  any  other  telephone  rather 
than  being  limited  in  his  conversations  to  one  other  subscriber  or 
a  small  group  of  other  subscribers  connected  together  on  the  same 
telephone  circuit.  The  difficulties  which  would  be  encountered  with 
a  telephone  plant  consisting  of  large  numbers  of  stations  connected 
to  one  circuit  are  obvious,  the  outstanding  disadvantage  being  that 
only  two  subscribers  could  carry  on  a  conversation  over  the  circuit 
at  one  time.  These  difficulties  led  to  the  development  of  telephone 
switchboards  at  which  connection  could  be  made  between  lines  to  any 
two  subscribers  in  a  given  town  or  city. 

As  technical  developments  made  toll  service  between  different 
cities  possible,  means  were  needed  for  the  rapid  connection  of  any  two 
subscribers  in  different  cities.  It  would  obviously  be  impracticable 
to  connect  together  at  the  same  switchboard  subscribers  in  distant 
cities,  and  switching  systems  were  adopted  so  that  toll  connections 
between  any  two  subscribers  in  different  cities  could  be  established 


over  telephone  lines  terminating  in  toll  switchboards  located  in  those 
cities,  and  trunks  between  the  subscriber  switchboards  and  the  toll 
boards. 

As  the  number  of  subscribers  and  the  extent  of  telephone  service 
increased,  it  became  impractical  and  uneconomical  to  connect  all 
telephone  subscribers  in  the  larger  cities  to  the  same  switchboard; 
impracticable  because  the  size  of  such  a  switchboard  would  be  so  great 
as  to  make  the  interconnection  of  two  lines  an  unwieldy  and  slow 
procedure;  uneconomical  because  of  the  relatively  large  amount  of 
telephone  line  which  would  be  required  to  connect  the  more  distant 
subscribers  with  the  central  office.  For  these  reasons  means  of  inter- 
connecting switchboards  within  a  city  were  devised  whereby  a  station 
terminated  on  one  switchboard  can  be  connected  to  a  station  ter- 
minated on  another  switchboard  in  the  same  city  over  a  telephone  line 
or  "interoffice  trunk"  terminating  on  each  switchboard.  The  design 
and  layout  of  the  subscriber  and  switchboard  plant  require  careful 
consideration  in  determining  the  maximum  economy  which  can  be 
realized  with  the  proper  balance  between  subscriber  lines  and  interoffice 
trunks. 

Telephone  Circuits  and  Cables 

At  the  beginnings  of  telephone  service  it  was  found  that  the  iron 
wire  then  used  for  telegraph  circuits  was,  in  many  cases,  not  satis- 
factory for  telephony  because  of  the  losses  of  energy  taking  place  in 
the  wires  and  the  rapid  diminution  in  the  loudness  of  the  transmitted 
speech  with  the  distance  over  which  it  was  transmitted.  At  first  no 
wire  was  available  having  better  electrical  characteristics  and  at  the 
same  time  sufficient  mechanical  strength  to  withstand  the  strains  it 
was  subjected  to  when  strung  on  a  pole  line.  Thomas  B.  Doolittle 
of  the  Bell  System,  who  was  familiar  with  certain  physical  properties 
of  copper,  conceived  that  if  copper  were  drawn  cold  through  a  series 
of  dies,  he  might  obtain  a  wire  of  much  greater  physical  strength  than 
the  soft  annealed  copper  wire  then  used  in  a  small  way  in  the  making 
of  electrical  apparatus.  In  November,  1877  he  arranged  with  a 
manufacturer  to  try  the  process  and  it  was  so  successful  that  in  1878 
a  quantity  of  hard-driiwn  copper  wire  was  placed  in  service  in  the 
Bridgeport,  Connecticut  exchange.  The  success  of  this  and  subse- 
quent installations  showed  that  a  wire  which  was  electrically  efficient 
and  mechanically  strong  had  been  obtained  by  means  of  which  tele- 
I)hone  service  could  successfully  be  given  over  considerable  distances. 

The  numbers  of  wires  required  to  serve  telephone  subscribers  in 
large  cities  led  at  an  early  date  to  the  development  of  means  for  j)utting 


the  wires  underground.  The  eeirly  experiments  starting  in  1878  took 
advantage  of  the  known  advantageous  properties  of  lead  water  pipes. 
Insulated  copper  wires  were  drawn  into  lead  pipes  of  this  character. 
By  1886,  practical  means  had  been  developed  whereby  lead  heated  to 
the  point  of  plasticity  could  be  extruded  over  a  compacted  group  of 
insulated  conductors,  thus  forming  the  pipe  tightly  about  the  con- 
ductors, and  this  general  principle  has  been  followed  in  telephone  cables 
to  the  present  day.  By  1890  there  was  a  general  development  of 
insulated  telephone  cables  in  the  congested  parts  of  the  larger  cities. 
In  1891  Bell  System  engineers  introduced  the  use  of  jxiper  for  in- 
sulating cables,  and  this  practice  is  still  followed  in  cable  manufacture. 

Early  Toll  Service 

The  success  of  the  early  installations  of  hard-drawn  copper  wire  for 
short  lines  indicated  that  a  type  of  conductor  had  been  developed  by 
w^hich  it  might  be  possible  to  extend  telephone  service  over  consider- 
able distances.  This  led  to  a  very  important  experiment,  the  con- 
struction in  1883  of  an  experimental  toll  line  between  New  York  and 
Boston  carrying  two  wires. 

Prior  to  the  construction  of  the  New  York-Boston  line,  telephone 
lines,  following  telegraph  practice,  were  generally  of  one  wire  grounded 
at  both  ends,  the  so-called  "ground  return  circuit."  However,  based 
upon  experiments  with  iron  wires  over  shorter  distances,  particularly 
between  Boston  and  Providence,  J.  J.  Carty  of  the  Bell  System  had 
determined  that  the  ground  return  circuit  was  so  noisy,  due  to  inter- 
ference from  telegraph  lines  and  other  causes,  that  such  circuits  could 
not  be  used  over  long  distances,  and  had  also  discovered  that  by  using 
two  wires  connected  as  a  metallic  circuit,  the  interference  was  very 
greatly  reduced.  Carty's  metallic  circuit  was  used  with  success  in  the 
New  York-Boston  line  and  was  adopted  for  all  the  following  construc- 
tion of  long  toll  circuits.  The  metallic  circuit  principle  thus  developed 
first  for  toll  lines  extended  back  into  local  lines  so  that  in  highly  devel- 
oped areas  all  telephone  circuits  are  now  constructed  on  the  metallic 
circuit  principle. 

This  experiment  successfully  demonstrated  the  practicability  of 
"long  distance"  transmission  and  led  to  the  determination  to  extend 
long  distance  service  as  widely  and  as  rapidly  as  the  state  of  the  art 
permitted  and  to  the  incorporation  in  1885  of  the  American  Telephone 
and  Telegraph  Company  for  this  purpose.  The  first  telephone  line 
constructed  by  this  new  company  was  the  New  York-Philadelphia 
line,  using  hard-drawn  copper  wire  on  a  metallic  circuit  basis.  It  was 
found  that  wuth  two  or  more  metallic  circuits  on  a  pole  line,  speech 


currents  flowing  in  one  circuit  will  cause  similar,  weaker  currents  to 
flow  in  the  other  circuits.  This  is  called  induction  or  crosstalk  and 
experience  with  the  New  York-Philadelphia  line  showed  that  so  much 
induction  between  telephone  circuits  was  obtained  that  intelligible 
crosstalk  resulted;  in  other  words,  one  could  overhear  on  one  circuit 
what  was  said  on  the  others.  To  overcome  this,  systems  were  de- 
veloped whereby,  by  suitably  interchanging  positions  of  the  wires  of  a 
circuit,  the  inductive  effects  in  that  circuit  from  an  adjacent  circuit 
would  tend  to  neutralize.  This  is  illustrated  in  Fig.  2  for  a  simple 
case  of  two  circuits.  In  this  figure  the  circuit  sections  "a"  and  "ft" 
are  equal  in  length,  and  voltages  are  being  induced  into  circuit  No.  2 
from  circuit  No.  1.  The  arrows  show  the  directions  in  which  the 
induced  current  would  tend  to  flow  in  circuit  No.  2,  the  wires  of  which 
are  interchanged  in  position  between  the  two  sections.  It  will  be 
noted  that  the  induced  voltage  in  section  "6"  is  equal  in  magnitude 
to  that  in  section  "a"  and,   by  the  interchanging  of  wires  at  the 


Fig.  2 — Side  or  non-phantomed  circuit  transposition. 

junction,  is  made  to  oppose  that  of  section  "a."  The  eff'ect  of  this 
interchange  or  transposing  of  wires  is  such  as  to  neutralize  the  in- 
duction in  sections  "a"  and  "6"  appearing  at  the  circuit  terminals. 
With  a  large  number  of  circuits,  the  induction  between  each  two 
circuits  must  be  neutralized  in  each  short  section  of  line,  and  to  ac- 
complish this,  more  complicated  arrangements,  known  as  transposition 
systems,  were  developed.  The  first  system  of  this  sort  was  worked 
out  by  J.  A.  Barrett  of  the  Bell  System  in  1886.  The  development  of 
transposition  systems  has  continued  constantly  since  that  time,  the 
problem  changing  with  the  increase  in  the  number  of  circuits  on  a  line, 
developments  in  the  transmission  of  electrical  power  on  lines  which 
sometimes  are  constructed  near  the  telephone  lines,  the  introduction 
of  phantom  telephone  circuits,  and  of  repeaters  and  carrier  telephone 
circuits  into  the  plant.  Figure  3  shows  a  typical  transposition  system 
in  use  in  the  Bell  System  today. 
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With  the  more  extensive  application  of  the  cable  developments 
mentioned  above  to  local  circuits,  it  was  natural  that  they  should  be 
extended  to  the  longer  circuits  used  for  toll  business.  In  1898  a  30- 
pair  16-gauge  cable  insulated  with  paper  was  extended  eight  miles 
from  Boston  toward  Lynn,  Massachusetts.  Shortly  after  this  a  30- 
pair  14-gauge  cable  was  placed  between  Boston  and  Wakefield, 
Massachusetts,  a  distance  of  about  12  miles.  It  was  found,  however, 
that  with  the  increasing  distance  in  cable,  the  loss  in  transmission 
rapidly  increased  since  cable  circuits,  because  of  the  small  size  of  the 
wires  and  the  large  electrical  capacitance,  had  inherently  poorer 
electrical  characteristics  for  the  transmission  of  telephone  currents 
than  the  larger  open  wires  strung  on  poles. 

The  Phantom  Circuit 

The  phantom  circuit  has  grown  out  of  a  conception  of  Jacob  in 
1883  which  is  illustrated  in  principle  in  Fig.  4.     He  conceived  that  by 
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Fig.  4 — Phantom  circuit — conception  of  F.  Jacob. 


bridging  resistances  across  each  end  of  two  parallel  telephone  circuits, 
a  third  circuit  could  be  created  as  indicated  by  connecting  telephones 
at  each  end  between  the  midpoints  of  these  resistances.  These  three 
telephone  circuits  could,  therefore,  use  four  wires  without  mutual 
interference.  While  this  scheme  was  not  practicable,  it  led  to  a 
proposal  by  Mr.  Carty  in  1886  to  substitute  balanced  transformers 
(called  repeating  coils)  in  place  of  the  resistances  as  indicated  in 
Fig.  5. 


In  order  to  successfully  apply  this  idea  it  was  necessary  to  develop 
repeating  coils  that  were  carefully  balanced,  that  is,  which  had  the 
two  halves  of  their  windings  very  exactly  equal  in  electrical  charac- 
teristics, so  that  the  current  from  the  phantom  circuit  would  divide 
equally  between  these  two  halves  of  the  windings  and  not  influence 
the  other  circuits  (called  the  "side"  circuits).  Also,  an  improved 
technique  of  line  construction  was  necessary  in  order  to  avoid  high 
resistance  joints  and  other  irregularities  in  construction  which  would 
result  in  overhearing  betvveen  the  phantom  and  the  side  circuits. 
Furthermore,  in  order  to  avoid  overhearing  between  different  phantom 
circuits  on  the  same  pole  line,  it  was  necessary  to  interchange  not 
merely  the  two  wires  of  each  pair  but  also  all  four  wires  of  the  phantom 
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Fig.  5 — Diagram  of  phantom  circuit  using  balanced  transformers  (called  repeating 

coils). 

group  as  is  indicated  in  the  transposition  system  shown  in  Fig.  4. 
This  greatly  complicated  the  design  of  transposition  systems.  An 
important  feature  of  the  problem  is  the  high  degree  of  balance  required 
since  the  transfer  from  the  phantom  circuit  to  the  side  circuit  of  more 
than  one-millionth  of  the  electrical  energ>^  carrying  the  telephone 
currents  in  the  phantom  circuit  or  vice  versa  might  be  sufficient  to 
make  overhearing  possible.  This  high  degree  of  balance  was  achieved 
by  years  of  painstaking  work  and  resulted  in  the  first  successful 
phantom  circuits  in  the  year  1903. 

Today  12,400,000  miles  of  wire  in  the  Bell  System  are  installed  in 
such  a  way  as  to  be  suitable  for  phantom  operation.  Without  phan- 
toming,  6,200,000  additional  miles  of  wire  would  be  required  for  the 
same  circuit  mileage. 

Superposed  Telegraph  on  Telephone  Circuits 
From  the  ver>^  beginnings  of  long  distance  telephony,  the  telephone 
wires  were   used   also   for   private   line   telegraph   service.     At   first, 
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means  had  not  been  developed  for  using  the  wires  simultaneously 
for  both  telephone  and  telegraph,  and  the  two  services  were  offered 
alternatively  to  the  private  line  customers.  Beginning  in  1887,  how- 
ever, successful  experiments  were  conducted  in  using  telephone  wires 
simultaneously  for  telephone  and  telegraph  services  by  the  method  of 
superposition  which  is  shown  in  Fig.  6. 

The  first  method,  called  "simplexing,"  is  an  adaptation  of  the 
phantom  principle  for  the  use  of  telegraph  on  telephone  circuits,  the 
grounded  telegraph  circuit  being  introduced  at  the  midpoint  of  re- 
peating coils  at  the  two  ends  of  the  telephone  circuits,  the  currents 
dividing  equally  in  opposite  directions  so  that  there  is  no  interference 
between  the  telephone  and  telegraph  circuits.  The  other  method  of 
simultaneous  operation  of  telephone  and  telegraph  circuits,  however, 
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Fig.  6 — Schematic  of  telegraph  circuit  superposed  on  a  telephone  circuit  using  the 

"simplex"  method. 

depends  upon  a  new  principle  and  one  which  has  come  to  be  of  the 
greatest  importance  in  the  subsequent  development  of  telephony. 
This  principle  is  the  selection  and  separation  of  electric  currents  into 
different  channels  depending  upon  differences  in  their  frequency  of 
alternation. 

While  the  form  of  the  electrical  oscillations  which  transmit  speech 
over  a  telephone  circuit  is  extremely  complicated,  as  indicated  in  Fig. 
1,  such  oscillations  can,  by  processes  of  analysis,  be  considered  as  made 
up  of  a  large  number  of  simple  alternating  currents  of  different  fre- 
quencies. A  simple  current  of  this  type,  which  is  sometimes  spoken 
of  as  a  sine  wave  because  of  the  mathematical  law  which  expresses  the 
variation  in  the  flow  with  time,  is  shown  in  Fig.  7.  Such  a  current  by 
gradual  variations  at  regular  intervals  reverses  its  direction  of  flow. 
Each  double  reversal  is  called  a  "cycle"  and  the  number  of  such  double 
reversals  in  a  second  is  called  the  frequency  of  cycles  per  second. 
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An  analysis  of  telephone  currents  shows  that,  in  order  to  transmit 
satisfactory  speech,  it  is  necessary  for  all  of  the  telephone  ap|Kiratus 
and  circuits  involved  to  transmit  with  nearly  uniform  efficiency  simple 
alternating  currents  over  a  considerable  range  of  frequencies.  For 
new  designs  of  telephone  circuits,  the  minimum  range  so  transmitted 
is  between  about  250  and  2,750  cycles.  The  voice  contains  com- 
ponents of  lower  frequencies  and  also  of  high  frequencies  but  it  is  not 
necessary  to  transmit  them  because  their  contribution  to  the  clearness 
of  the  speech  is  relatively  unimportant. 


Fig.  7 — Graph  of  a  simple  alternating  current  or  "sine  wave." 

A  similar  analysis  of  the  currents  used  for  telegraphic  transmission 
shows  that  they  may  be  considered  also  as  composed  of  simple  alternat- 
ing currents  covering  a  band  of  frequencies — with  equipment  generally 
used  in  the  Bell  System,  this  band  extends  from  zero  up  to  roughly 
about  100  cycles.  Components  of  the  frequencies  above  about  100 
cycles  can  be  excluded  from  the  telegraph  circuit  without  reacting 
upon  its  efficiency  of  transmission  with  the  equipment  and  the  speeds 
of  signaling  commonly  employed  in  private  line  telegraph  circuits. 
This  difference  in  the  range  of  frequencies  required  for  the  trans- 
mission of  telephone  currents  and  for  the  transmission  of  telegraph 
currents  makes  possible  the  application  of  the  principle  of  separation 
of  electrical  currents  into  different  channels  depending  on  the  differ- 
ence in  their  frequency  of  alternation  mentioned  above.  Apparatus 
placed  at  the  terminals  of  the  circuits,  which  is  called  "composite  sets," 
is  so  designed  that  telegraph  currents  and  the  telephone  currents  can 
be  transmitted  into  the  same  wires  and  at  the  receiving  end  are  sepa- 
rated into  the  telephone  and  telegraph  channels,  respectively,  without 
interference.  The  form  of  this  apparatus  is  indicated  diagrammati- 
cally  in  Fig.  8. 

The  principles  of  simplexing  and  compositing  have  been  applied 
extensively  to  the  long  distance  circuits  of  the  Bell  System,  there  being 
now  in  service  approximately  760,000  miles  of  telegraph  circuit  oper- 
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ating  on  these  principles  using  wires  simultaneously  with  their  use  for 
telephone  transmission  without  mutual  interference. 

Development  of  the  Mathematical  Theory  of  Transmission — Loading 

As  telephone  lines  came  to  be  extended  over  greater  distances,  it 
was  evident  that,  even  with  the  best  copper  telephone  circuits,  the 
loudness  of  speech  transmitted  over  the  circuit  rapidly  became  less 
with  distance,  and  also,  particularly  when  the  circuits  were  in  cable, 
the  clearness  of  the  speech  was  impaired  at  the  greater  distances.  At 
first  these  effects  were  not  clearly  understood,  there  being  no  adequate 
quantitative  analysis  of  the  effects  on  telephone  transmission  of  the 
various  electrical  characteristics  of  the  telephone  circuits.  Through- 
out all  the  early  development  period,   the  continued  study  of  the 
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Fig.  8 — Schematic  of  a  telegraph  circuit  superposed  on  a  telephone  circuit  using 

"composite  sets." 

mathematical  theory  of  the  transmission  of  currents  over  wires  led 
to  an  increasing  insight  into  these  problems  and  into  the  conditions 
necessary  for  transmitting  telephone  currents  over  long  distances 
efficiently  and  without  undue  distortion.  The  foundation  was  laid 
in  the  masterful,  if  sometimes  enigmatic,  papers  of  Oliver  Heaviside 
published  over  a  long  period  of  years  beginning  with  1882.  One 
result  of  Heaviside's  work  was  an  appreciation  on  his  part  of  the 
unexpected  fact  that  an  improvement  in  transmission  efficiency  of 
telephone  circuits  would  be  brought  about  by  an  increased  inductance 
of  the  telephone  circuits,  and  he  suggested  in  his  papers  that  means 
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might  be  found  to  increase  the  inductance  artificially.  This  sugges- 
tion was  taken  up  by  two  investigators  in  America,  Professor  M.  I. 
Pupin  of  Columbia  and  Dr.  G.  A.  Campbell  of  the  Bell  System  who, 
working  independently,  proved  by  further  mathematical  development 
that  this  could  be  done  practically  and  showed  how  to  do  it.  These 
mathematical  studies  showed  that,  while  the  addition  of  inductance  in 
large  quantities  at  one  or  several  points  in  the  circuit  destroyed  its 
capability  for  transmitting  telephone  currents,  the  insertion  of  induc- 
tance in  smaller  quantities  at  regular  and  frequent  intervals  by  means 
of  highly  efficient  inductance  coils  would  greatly  improve  the  trans- 
mission efficiency. 

hiterurban  Toll  Cables 

The  development  of  practical  means  of  applying  the  loading  principle 
had  been  stimulated  by  the  need  for  some  practical  means  of  improving 
the  efficiency  of  toll  cables.  This  principle  led  promptly  to  the  ex- 
tension of  interurban  toll  cables,  important  items  being  the  installation 
in  1906  of  cables  between  New  York  and  Philadelphia,  a  distance  of 
about  90  miles,  and  between  New  York  and  New  Haven,  a  distance 
of  about  80  miles,  and,  in  1908,  of  a  cable  between  Chicago  and 
Milwaukee  having  a  length  of  about  90  miles.  At  about  this  time 
experimental  work  was  being  actively  conducted  by  the  Bell  System 
in  the  effort  to  develop  a  type  of  construction  for  toll  cables  which 
would  perrpit  the  use  of  phantom  circuits  in  the  cables  as  well  as  in 
open  wire.  This  required  a  new  technique  in  cable  construction, 
involving  new  principles  and  many  refinements  in  detail  to  eliminate 
the  interference  which  would  exist  between  phantom  circuits  and  the 
side  circuits  from  which  the  phantoms  are  derived  and  also  between 
phantom  circuits  in  the  same  cable.  The  processes  worked  out  in- 
cluded not  only  manufacturing  methods  but  new  types  of  electrical 
tests  and  new  splicing  procedures  applied  in  the  course  of  installation 
by  means  of  which  the  unbalances  in  successive  lengths  of  cable  are 
made  to  largely  neutralize  each  other.  As  a  result  of  this  work,  a 
successful  phantom  cable  was  installed  between  Boston  and  Neponset, 
Massachusetts  in  1910,  a  distance  of  six  miles. 

This  work  led  to  the  inauguration  in  1911  of  a  very  important 
interurban  cable  project.  At  the  time  of  the  inauguration  of  President 
Taft  on  March  4,  1909,  a  sleet  storm  of  unprecedented  severity  had 
broken  down  all  the  wire  lines  entering  W'ashington  and  isolated  the 
Capitol  from  the  rest  of  the  country.  The  Bell  System  management 
determined  that,  as  soon  as  technical  advances  made  it  possible,  means 
would  be  adopted  for  insuring  against  any  future  similar  interruption 
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of  the  communications  between  the  United  States  Capitol  and  the 
rest  of  the  nation.  Upon  the  success  of  the  experiments  described 
above,  it  was  decided  to  complete  an  underground  cable  route  con- 
necting Washington  with  Baltimore,  Philadelphia,  and  New  York, 
using  large  gauge  conductors,  the  phantoming  principle  which  had 
just  been  successfully  demonstrated,  and  new  systems  of  loading 
designed  specifically  for  the  new  cable.  The  project  was  completed 
in  1912  and  in  1913  this  high  grade  cable  route  was  extended  to 
Boston,  through  New  Haven,  Hartford  and  Providence. 

Possibilities  and  Problems  Associated  with  the 
Use  of  the  Telephone  Repeater 

The  developments  discussed  above  had  done  a  great  deal  to  extend 
the  range  of  telephone  service  making  possible  good  commercial 
service  between  the  Atlantic  Seaboard  and  Chicago  and  a  service  of  a 
kind  as  far  west  as  Denver  and  providing  a  storm-proof  cable  route 
connecting  Washington  and  Boston  and  the  intermediate  cities  of  the 
Atlantic  Seaboard.  By  1912,  however,  it  was  apparent  that  in 
addition  to  pushing  to  the  utmost  the  advantages  to  be  gained  from 
the  technique  already  developed,  it  would  be  necessary,  if  universal 
service  for  the  entire  country  were  to  be  realized,  to  find  satisfactory 
means  for  amplifying  the  attenuated  telephone  currents  on  a  long 
telephone  circuit  so  that  after  transmission  over  one  section  of  line 
they  could  be  restored,  in  amplitude,  transmitted  into  a  second  section, 
and  when  again  attenuated  restored  a  second  time  and  transmitted  into 
a  third  section  of  the  line  and  so  on,  without  undue  distortion  or  change 
in  the  structure  of  the  voice  currents.  The  device  to  accomplish  this 
is  called  a  telephone  repeater.  The  conclusion  that  improved  repeaters 
were  required  was  reached  after  a  careful  analysis  of  all  of  the  possible 
means  of  achieving  further  extensions  in  the  range  of  long  distance 
transmission  and  as  a  result  the  energies  of  the  research  forces  of  the 
Bell  System  were  to  a  greater  extent  than  before  directed  to  the  devel- 
opment of  improved  telephone  repeaters  and  of  circuits  and  methods 
of  line  construction  which  would  make  possible  their  general  use. 

One  of  the  chief  problems  which  confronted  the  engineers  undertaking 
the  intensive  telephone  repeater  development  work  beginning  in  1912, 
was  the  development  of  an  amplifying  element  for  a  repeater  which 
could  be  used  generally  for  telephone  purposes.  The  telephone  re- 
peater was  not  new  in  the  art  at  that  time,  since  a  repeater  giving 
beneficial  results  had  been  invented  by  H.  E.  Shreeve  of  the  Bell 
System  and  first  used  successfully  on  a  circuit  between  Amesbury, 
Massachusetts  and  Boston  in  1904.     The  Shreeve  repeater  took  ad- 
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vantage  of  the  amplifying  characteristics  of  a  variable  resistance 
telephone  transmitter  and  combined  in  one  instrument,  in  refined 
form,  the  fundamental  elements  of  a  telephone  receiver  and  a 
transmitter.  The  attenuated  telephone  currents  entering  the  receiver 
side  of  the  device  caused  the  vibration  of  a  diaphragm  which,  in  turn, 
actuated  a  variable  resistance  element  which  transmitted  amplified 
currents  to  the  next  section  of  telephone  line.  Figure  9  shows  a 
cross-section  of  the  amplifying  element  of  this  repeater,  commonly 
known  as  the  mechanical  repeater.  Repeaters  of  this  type  were  used 
in  commercial  service  for  a  number  of  years  but  since  development 
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Fig.  9 — Cross-sectional  drawing  of  a  mechanical  type  of  telephone  repeater. 

work  up  to  the  time  of  the  application  of  vacuum  tubes  to  telephone 
repeaters  had  not  overcome  the  fundamental  difficulties  of  distortion, 
gain  limitations  and  instability  of  the  mechanical  repeater,  its  use 
was  gradually  discontinued  after  the  introduction  into  the  telephone 
plant  of  the  vacuum  tube  repeater.  Other  arrangements  such  as 
variation  of  the  field  current  of  a  generator  to  produce  corresponding 
variations  in  the  armature  voltage  and  the  electromagnetic  control  of 
gaseous  devices  were  tried  out  but  were  never  successfully  applied  in 
any  important  degree  to  telephone  circuits. 

In  1906,  Lee  DeForest  demonstrated  before  the  American  Institute 
of  Electrical  Engineers  that  the  discharge  between  a  hot  cathode  and 
a  plate  of  a  thermionic  tube  can  be  controlled  by  a  third  electrode. 
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Immediate  use  of  this  discovery  was  made  in  improving  radio  telegraph 
receivers.  The  tubes  and  circuits  thus  employed  were  not  of  types 
that  could  satisfactorily  be  used  in  telephone  work  which  required  a 
high  stability  of  the  amplifying  device  and  freedom  from  distortion  of 
speech  currents.  However,  an  intensive  study  of  the  possibilities  of 
this  device  showed  that  the  use  of  such  tubes  based  on  DeForest's 
discovery  was  by  far  the  best  method  of  amplifying  telephone  currents 
yet  developed. 

Development  work  on  vacuum  tubes  carried  on  by  the  Bell  System 
has  included  the  perfection  of  the  tubes  by  the  use  of  high  vacuum, 
scientific  proportions  and  new  types  of  filaments  to  secure  improved 
efiiciency.  The  performance  of  vacuum  tubes  used  in  the  Bell  System 
has  been  improved  extensively  through  continued  development  work. 
For  example,  during  the  last  twelve  years  the  average  life  of  the  tubes 
used  in  the  Bell  System  has  been  extended  by  a  factor  of  10,  and,  at 
the  same  time,  their  power  consumption  has  been  reduced  appreciably. 

Vacuum  tubes  were  first  applied  to  telephone  repeaters  experimen- 
tally, and  to  a  small  degree  commercially  as  early  as  1913.  One  of  the 
first  important  uses  of  vacuum  tube  repeaters,  however,  was  in  1915 
in  connection  with  the  first  transcontinental  telephone  service  between 
New  York  and  San  Francisco,  a  distance  of  approximately  3400  miles. 
The  circuit  consisted  of  No.  8  B.W.G.  open-wire  copper  conductors 
loaded  at  eight-mile  intervals  and  having  vacuum  tube  telephone 
repeaters  located  at  Pittsburgh,  Omaha,  and  Salt  Lake  City. 

Years  of  experience  with  early  forms  of  telephone  repeaters  had 
shown  that  the  successful  use  of  repeaters  depended  not  only  upon 
the  development  of  a  suitable  amplifier  but  also  upon  the  design  of 
suitable  circuit  arrangements  for  associating  the  repeater  with  the 
telephone  line  and  on  improved  methods  of  line  construction.  An 
important  consideration  is  the  fact  that  a  telephone  circuit  must  oper- 
ate in  both  directions,  that  is,  it  must  permit  talking  to  be  carried  on 
from  either  end  of  the  circuit.  A  single  telephone  repeater  element, 
however,  is  inherently  a  one-way  device,  receiving  attenuated  currents 
at  one  pair  of  terminals  and  transmitting  amplified  currents  from  the 
other  pair  of  terminals.  The  association  of  such  one-way  elements 
with  a  two-way  telephone  circuit  is  not  a  simple  matter  because  if  any 
considerable  proportion  of  the  amplified  output  current  of  the  repeater 
reaches  the  input  terminals,  it  is  again  amplified  and  results  under 
ordinary  conditions  in  turning  the  repeater  into  a  generator  of  alter- 
nating currents  (an  oscillator)  and  destroying  its  usefulness  as  a 
repeater. 


The  type  of  circuit  arrangement  most  commonly  used  to  associate 
two  repeater  elements  with  two  sections  of  telephone  line  in  such  a 
way  that  the  operation  will  be  satisfactory  is  shown  schematically  in 
Fig.  10.  This  is  known  as  a  22-type  repeater.  Attenuated  telephone 
current  transmitted  from  a  distant  point  over  the  west  section  of  line 
passing  through  the  transformer  ^  of  a  special  design  (sometimes  called 
a  hybrid  coil)  enters  the  input  of  amplifier  element  B  and  is  amplified. 
From  the  output  of  amplifier  element  B  it  passes  through  a  second 
transformer  C  associated  with  the  east  section  of  line  and  a  balancing 
network  E.  An  essential  function  of  the  repeater  circuit  lies  in  the 
design  of  the  transformer  in  such  a  way  that  the  two  halves  (between 
the  midpoints  of  which  the  input  to  the  amplifier  element  D  is  con- 
nected) are  equal  and  in  the  design  of  the  east  line  and  of  the  balancing 
network  E  in  such  a  way  that  they  offer  the  same  impedance  to  the 


LINE 
WEST 


^()QQ  J (J^Q^  NETWORK 


-viKKLr 


^sm^r- 


REPEATER 
ELEMENTS 


LINE 
EAST 


Fig.  10 — Schematic  22-type  telephone  repeater  circuit. 

flow  of  current.  Coil  C  is  so  designed  that  if  this  condition  is  exactly 
met,  none  of  the  ouput  current  from  amplifier  element  B  is  transmitted 
across  to  the  input  element  of  amplifier  D.  However,  currents  trans- 
mitted in  from  the  east  section  of  line  pass  through  Coil  C  to  amplifier 
D,  are  amplified  and  retransmitted  to  Coil  A  where  the  condition  of 
balance  also  must  be  applied  between  the  west  line  and  the  balancing 
network  W. 

The  complete  repeater  circuit  includes  many  other  things  beside 
the  bare  essential  elements  shown  in  Fig.  10.  Important  among  these 
are  electrical  filters  to  control  the  band  of  frequencies,  potentiometers 
to  control  the  amplification,  transformers  to  efficiently  interconnect 
different  parts  of  the  circuit,  equalizers  (see  chapter  on  Associated 
Technical  Developments)  and  arrangements  for  the  supply  of  electric 
power  to  the  vacuum  tubes. 

Obtaining  a  condition  of  balance  requires  that  each  section  of  line 
offer  the  same  impedance  to  the  flow  of  current  as  the  balancing  net- 
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work  associated  with  that  section  of  Hne  in  the  repeater  circuit.  A 
difficulty  to  be  met  arises  from  the  fact  that  telephone  currents  are 
very  complicated  in  wave  form  as  previously  indicated  and  involve 
components  varying  all  the  way  from  200  or  300  to  2700  cycles  per 
second  or  more.  In  order  to  provide  for  suitable  operation,  the 
condition  of  balance  must  be  met  within  a  close  approximation  for 
currents  of  all  of  the  frequencies  within  this  range.  The  reason  why 
this  requirement  reacts  on  the  construction  of  telephone  lines  is  very 
simply  illustrated  by  the  curves  of  Figs.  11  and  12.  Figure  11  shows 
the  impedance  of  a  long  telephone  circuit  for  all  frequencies  within 
that  range  when  the  circuit  is  of  very  uniform  construction  throughout. 
Figure  12  shows  the  corresponding  impedance  curve  obtained  if  there 
are  some  irregularities  in  construction  in  the  line.  It  is  possible  to 
design  balancing  networks  which  have  the  same  characteristics  as 
those  indicated  in  Fig.  11  for  the  uniform  line  but  it  is  not  practicable 
without  too  great  expense  to  design  such  networks  having  the  same 
characteristics  as  the  irregular  line  shown  in  Fig.  12.  This  is  true 
since  the  characteristics  of  no  two  irregular  lines  are  the  same,  the 
characteristics  varying  widely  depending  upon  the  nature  and  the 
location  of  the  irregularities. 

Means  for  the  general  use  of  repeaters  on  telephone  circuits  therefore 
involved  the  development  by  the  Bell  System  of  line  balancing  net- 
works and  the  development  of  long  telephone  lines  with  uniform 
impedance  characteristics  over  the  range  of  frequencies  used  in 
telephony.  In  some  cases  this  could  be  done  by  making  the  lines 
uniform  in  construction.  For  example,  loading  coils  had  to  be  de- 
signed so  that  they  had,  very  accurately,  equal  amounts  of  inductance 
and  had  to  be  spaced  at  exact  equal  intervals  along  the  line.  Further- 
more, it  was  found  that  the  types  of  loading  coil  in  previous  use  were 
affected  by  lightning  and  other  causes  so  that  the  amounts  of  induct- 
ance changed  enough  to  interfere  with  repeater  operation.  It  was, 
therefore,  necessary  to  develop  new  types  of  coils  of  very  stable 
materials  which  would  avoid  this  change  in  inductance. 

In  some  cases,  it  is  not  possible  to  construct  the  line  in  a  uniform 
way  throughout.  For  example,  it  is  often  necessary  for  open-wire 
lines  to  be  brought  into  towns  and  cities  through  sections  of  cable. 
For  such  cases,  for  each  type  of  open-wire  construction,  a  type  of 
cable  construction  was  worked  out  having  such  characteristics  that  it 
could  be  connected  to  the  open  wire  without  spoiling  the  impedance 
characteristics  of  the  circuit.  This  involved  the  development  of  new 
loading  systems  for  use  on  cables  of  this  sort.  In  the  case  of  circuits 
entirely  in  cable,  improved  uniformity  in  the  manufacture  of  the  cable 
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Fig.  11 — Impedance-frequency  characteristics  of  a  smoothly  constructed  telephone 
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Fig.   12— Impedance-frequency  characteristics  of  a  telephone  line  having  an   im- 
pedance irregularity. 

itself  was  required  as  well  as  improved  loading  coils  and  more  exact 
rules  for  their  location. 

Generally  speaking,  repeaters  are  used  in  connection  with  the 
phantom  circuit  arrangements  previously  described,  by  means  of 
which   three  independent   telephone  circuits  are  derived   from   four 
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wires.  The  application  of  repeaters  to  such  a  group  of  four  wires  in 
cable  (spoken  of  as  a  phantomed  group  or  a  quad)  is  shown  schemati- 
cally in  Fig.  13.  In  this  figure,  the  boxes  denoted  "Telephone  Re- 
peater" I'epresent  the  complete  repeater  circuit  shown  in  Fig.  10. 
It  is  necessary  to  separate  the  telephone  currents  of  the  phantom  cir- 
cuit from  those  of  the  two  side  circuits  by  applying  to  the  phantom 
group  highly  balanced  repeating  coils,  just  as  is  done  at  the  terminals 
of  the  circuit,  and  providing  separate  repeaters  for  each  of  the  two  side 
circuits  and  the  phantom  as  is  illustrated  in  the  figure.  The  figure  also 
shows  a  typical  telegraph  circuit  arrangement — a  metallic  telegraph 
circuit  on  each  pair,  separated  from  the  telephone  channel  by  composite 
sets  as  previously  described,  and  passing  through  telegraph  repeaters 
at  the  telephone  repeater  point. 


COMPOSITE 
WEST         SETS 


COMPOSITE 

SETS  EAST 


Fig.  13 — Showing  schematically  the  association  of  the  four  wires  of  a  phantom  group 
and  composite  sets,  repeating  coils,  telephone  repeaters  and  telegraph  repeaters. 

Phantom  operation  through  cables,  without  crosstalk  between  the 
phantom  and  its  side  circuits  and  between  the  circuits  in  different 
quads  of  the  cable,  has  involved  a  long  train  of  developments  in 
decreasing  the  tolerances  of  manufacture  and  increasing  the  uniformity 
in  the  characteristics  of  the  cable.  The  cables  must  meet  a  double 
requirement,  namely,  freedom  from  crosstalk,  which  is  made  more 
difiicult  with  the  application  of  repeaters,  and  uniformity  of  charac- 
teristics to  provide  for  suitable  repeater  operation.  This  double 
requirement  has  been  met  by  niceties  in  design,  construction,  and 
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installation,  including  a  series  of  delicate  electrical  tests  on  the  cable 
and  portions  of  the  cable  during  the  process  of  installation. 

With  these  developments,  it  became  possible  to  use  repeaters  to 
provide  a  large  improvement  in  the  transmission  efticiency  of  telephone 
circuits  both  in  open  wire  and  in  cable,  a  number  of  repeaters  where 
necessary  being  used  at  different  points  on  the  same  circuit.  The 
repeater  element  itself  could  be  made  so  free  from  distortion  that  a 
very  large  number  of  them  could  be  used  in  succession  on  the  same 
circuits.  The  limitation  in  the  use  of  repeaters,  however,  was  deter- 
mined largely  by  the  degree  of  balance  practicably  obtainable  through 
the  more  uniform  construction  of  the  telephone  lines.  While  it  was 
practicable  to  have  such  a  degree  of  balance  that  a  single  repeater 
would  amplify  the  telephone  current  often  six  or  sevenfold,  it  was  not 
generally  practicable  even  with  the  use  of  a  number  of  repeaters  to 
extend  the  length  of  circuit  using  a  given  size  of  conductor  over  eight 
to  tenfold.  For  transmission  over  very  long  distances  or  for  the  use  of 
very  small  conductors  in  long  toll  cables,  another  principle  was 
developed  which  was  applied  to  toll  cables  and  to  the  use  of  carrier 
systems  on  open  wire,  and  will  be  discussed  in  connection  with  those 
subjects. 

Toll  Cable  System 

The  success  achieved  in  the  general  application  of  repeaters  to 
telephone  toll  circuits  opened  the  way  for  a  great  extension  in  the  use 
of  toll  cables.  Toll  cables  have  the  obvious  advantage  of  providing  a 
high  degree  of  security  and  continuity  for  telephone  circuits  due  to  the 
fact  that  they  are  nearly  immune  from  the  effects  of  bad  weather, 
particularly  of  sleet  and  of  high  winds  which  sometimes  seriously 
interrupt  open-wire  telephone  service  by  placing  on  the  conductors  and 
on  their  supporting  structures  loads  greater  than  those  for  which  they 
can  economically  be  designed.  Also,  cables  form  the  practical  means 
for  providing  the  very  large  numbers  of  circuits  required  to  take  care 
of  the  demand  on  very  heavy  routes  by  making  it  possible  to  crowd 
into  one  route  a  much  greater  number  of  circuits  than  could  be  pro- 
vided by  the  ordinary  open-wire  technique. 

Before  the  general  use  of  repeaters  became  practicable,  toll  cables 
had  the  inherent  disadvantage  that,  with  the  small  conductors  neces- 
sary to  place  a  large  number  of  circuits  in  one  cable  (until  recently 
maximum  outside  diameter  2^  inches),  the  cable  circuits,  even  when 
equipped  with  loading  coils,  had  a  very  high  attenuation  loss  per  mile 
compared  with  the  open-wire  circuits.  Even  when  very  large  con- 
ductors were  used  in  the  cable  at  the  sacrifice  of  the  number  of  circuits 
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in  order  to  provide  circuits  of  high  efficiency,  as  was  done  in  the  first 
cable  between  Washington,  New  York,  and  Boston,  the  losses  were 
still  high  because  of  the  close  crowding  together  of  conductors  in  the 
same  circuit  and  of  the  fact  that  even  the  best  insulation  which  could 
be  provided,  namely  dry  paper,  resulted  in  considerably  more  energy 
losses  to  the  telephone  conversations  than  take  place  on  open-wire 
circuits  in  which  the  conductors  are  separated  at  very  considerable 
distances  by  air. 

The  use  of  repeaters  in  cable  circuits  made  it  possible  to  get  high 
net  efficiency  over  long  distances  using  small  conductors,  since  it  was 
possible  to  compensate  for  the  relatively  large  loss  by  the  repeated 
gains  introduced  into  the  circuit  by  repeaters  suitably  located  about 
40  to  50  miles  apart.  That  this  might  be  done,  however,  required  a 
reduction  of  manufacturing  tolerance  limits  for  cables,  loading  coils, 
and  apparatus  and  care  in  the  design,  construction,  and  maintenance 
of  the  cable  circuits.  Also,  new  loading  systems  were  designed  which 
transmitted  a  broader  band  of  frequencies  than  those  transmitted  by 
the  earlier  systems.  This  was  desirable  both  because  of  the  improved 
clearness  of  speech  resulting  from  the  broader  band  of  frequencies 
itself  and  also  because  the  use  of  the  new  loading  systems  made  it 
possible  to  provide  for  better  repeater  balance  within  the  band  trans- 
mitted. 

While  these  improvements  made  possible  a  very  large  extension  in 
the  distances  over  which  good  transmission  could  be  given  on  small 
gauge  cable  circuits,  it  was  found  that,  with  many  repeaters,  the  bal- 
ance difficulties  were  still  sufficient  to  justify  the  development  and  use 
for  the  longer  circuits  of  a  different  arrangement.  This  arrangement, 
which  is  shown  schematically  in  Fig.  14,  consists  of  using  for  each 
telephone  circuit  two  pairs  or  two  transmission  channels,  each  equipped 
simply  with  one-way  amplifiers  and  thus  arranged  to  transmit  the 
telephone  currents  in  one  direction  only.  Two  such  one-way  channels, 
oppositely  directed,  are  connected  together  at  the  terminals  of  the 
circuit  by  apparatus  similar  to  that  used  for  associating  amplifiers 
with  two  sections  of  line  in  the  ordinary  telephone  repeater,  including 
apparatus  for  balancing  the  line  or  the  equipment  to  which  the  circuit 
is  connected  when  in  use.  The  complete  circuit  is  thus  reduced  at  its 
terminals  to  two  wires  like  any  other  telephone  circuit.  From  the 
fact  that  it  uses  two  channels  for  transmission  in  opposite  directions, 
it  is  called  a  four-wire  circuit.  These  channels  may,  however,  be 
either  side  or  phantom  circuits  as  in  the  case  of  an  ordinary  repeatered 
telephone  circuit. 
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With  the  four-wire  circuit,  since  the  two  directions  of  transmission 
are  kept  isolated  from  each  other  throughout,  there  is  no  need  for 
providing  balance  except  at  the  terminals  of  the  circuit  and  this  makes 
possible  the  use  of  higher  repeater  gains  and,  therefore,  a  higher  net 
efficiency  of  transmission  with  such  circuits  for  long  distances  than 
would  be  possible  with  the  other  form  of  circuit  (generally  called  two- 
wire  circuit).  Circuits  of  this  four-wire  type  are  now  generally  used  in 
toll  cables  for  distances  more  than  about  100  to  150  miles. 
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4-WIRE    REPEATERS 

Fig.  14 — Schematic  of  a  four-wire  circuit  using  two  one-way  transmission  paths. 

Mention  was  made  in  the  first  chapter  of  this  statement  of  the  re- 
finements in  manufacture  and  in  installation  procedures  which  were 
necessary  in  order  to  produce  suitable  interurban  toll  cables,  partic- 
ularly cables  designed  for  the  use  of  phantom  circuits.  With  the 
extension  of  toll  cables  to  great  distances  equipped  at  frequent  intervals 
with  telephone  repeaters,  additional  refinement  in  design  and  in  con- 
struction was  necessary  in  order  to  prevent  crosstalk  between  the 
different  circuits  in  the  cable.  This  includes  the  physical  separation 
in  different  parts  of  the  cable  of  conductors  used  by  four-wire  circuits 
for  the  opposite  directions  of  transmission.  Even  with  all  the  refine- 
ments which  have  been  worked  out,  crosstalk  remains  today  one  of  the 
major  factors  to  be  considered  in  the  engineering  of  long  telephone 
circuits. 

The  velocity  of  propagation  of  telephone  currents  over  circuits  is 
high  so  that  in  all  of  the  early  telephone  development  the  length  of 
time  required  for  propagation  over  the  longest  circuits  used  was  not 
sufficient  to  introduce  any  new  difficulties  in  the  problem  of  providing 
good  telephone  transmission.  The  velocity  of  transmission,  however, 
varies  with  the  type  of  circuit,  is  lower  on  loaded  circuits  than  on  non- 
loaded  circuits,  and  in  loaded  circuits  in  cable  in  common  use  is  as  low 
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as  10,000  miles  a  second.  With  the  greater  distances  for  which  cable 
circuits  of  the  four-wire  type  could  be  used,  it  was  found  that  the  time 
of  transmission  required  at  a  velocity  of  10,000  miles  a  second  was 
great  enough  to  introduce  additional  difficulties  in  the  provision  of 
satisfactory  transmission.  The  nature  of  these  difficulties  and  of  the 
means  adopted  for  overcoming  them  will  be  discussed  a  little  later. 
However,  it  must  be  mentioned  here  that  to  overcome  these  difficulties, 
it  was  necessary,  for  these  longer  circuits,  to  devise  new  loading 
systems  which  provided  circuits  with  a  velocity  of  20,000  miles  a  second 
and  at  the  same  time  had  the  advantage  of  transmitting  a  broader 
band  of  frequencies,  although  they  had  the  disadvantage  that  the 
circuit  had  higher  transmission  losses  per  mile  and  therefore  required 
greater  amounts  of  amplification.  These  higher  velocity  circuits  are 
in  general  use  for  all  long  cable  circuits  and  have  been  found  satis- 
factory up  to  the  greatest  distances  spanned  by  cables  in  this  country 
at  the  present  time,  namely,  approximately  2500  miles. 

Cables  are  placed  either  underground  or  supported  overhead  from  a 
steel  messenger  strand  strung  on  poles.  At  the  present  time  approxi- 
mately 47  per  cent,  is  overhead  and  53  per  cent,  underground.  For 
the  most  part  the  underground  cable  is  pulled  into  permanent  under- 
ground conduit  of  vitrified  clay.  Some  use  has  been  made,  however, 
of  cable  buried  directly  in  the  ground,  the  lead  sheath  being  protected 
either  by  layers  of  jute  impregnated  with  asphaltum  compounds  or  by 
a  combination  of  such  layers  of  jute  and  wrappings  of  steel  tape.  A 
small  use  has  also  been  made  of  a  single  duct  made  of  compressed  fibre 
for  the  protection  of  underground  cables. 

The  conductors  used  for  long  telephone  circuits  are  quadded  for 
phantom  operation  and  are  largely  of  19  A.W.G.  although  some  use 
has  been  made  of  16  A.W.G.  for  the  shorter  circuits  because  of  a 
possible  saving  in  the  numbers  of  repeaters  with  the  larger  gauge  in 
those  cases.  Many  of  the  cables  include  a  number  of  special  16- 
gauge  pairs  provided  specifically  for  program  transmission  circuits 
and  equipped  with  loading  and  amplifiers  designed  particularly  for 
that  form  of  service.  Figure  15  shows  schematically  the  arrangement 
of  conductors  of  a  standard  type  of  full  size  cable  (outside  diameter 
2^^  inches)  which  is  in  common  use. 

With  these  developments  and  other  auxiliary  developments  which 
will  be  discussed  later  toll  cables  have  come  to  have  a  very  important 
place  in  the  provision  of  toll  telephone  service  by  the  Bell  System. 
The  percentage  of  toll  wire  in  cable  has  increased  from  30  per  cent,  in 
1915  to  82  per  cent,  at  the  present  time.     The  present  toll  cable  net- 
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work  is  indicated  in  Fig.  16.  It  will  be  noted  that  this  network  con- 
nects together  almost  all  of  the  major  places  between  the  Atlantic 
Seaboard  on  the  East;  Atlanta,  Georgia  and  Dallas,  Texas  on  the 
South;  Western  Texas,  Kansas  City,  and  Omaha  on  the  West;  and 
Toronto,  Montreal,  and  Bangor  on  the  North.  In  addition,  there  are 
other  sections  of  toll  cable  connecting  important  centers  as  San 
Francisco-Los  Angeles  and  Miami-Palm  Beach.  These  cable  systems 
provide  a  storm-proof  outlet  for  telephone  circuits  to  155  out  of  a  total 
of  210  cities  over  50,000  population  in  the  United  States  and  Canada, 
and  cover  the  major  part  of  the  United  States  in  which  open-wire  lines 
are  subject  to  interruption  by  severe  sleet  storms.  The  cable  network 
includes  at  the  present  time  about  27,000  miles  of  cable  and  12,500,000 
miles  of  conductor. 
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Fig.  15 — Cross-section  of  typical  toll  cable. 

The  Time  Factor  In  Telephone  Transmission 

In  the  above  discussion  of  toll  cable  systems  it  was  mentioned  that 
it  became  desirable  for  the  long  circuits  in  cable  to  provide  a  type  of 
circuit  having  a  higher  velocity  of  transmission  than  that  of  the  loaded 
cable  circuits  previously  in  use.  The  effects  of  the  length  of  time 
required  for  transmission  over  long  circuits,  while  particularly  notice- 
able in  long  cable  circuits,  are  of  importance  in  long  open-wire  circuits 
as  well.     These  effects  are  briefly  discussed  below. 

On  non-loaded  lines,  either  in  open  wire  or  in  cable,  the  velocity 
of  transmission  of  telephone  currents  over  the  line  conductors  is  high, 
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approaching  as  -an  upper  limit  the  velocity  of  propagation  of  light, 
namely,  186,000  miles  a  vsecond.  On  loaded  circuits  this  velocity  is 
greatly  reduced.  Loaded  toll  cal)le  circuits  in  common  use  over 
moderate  distances,  as  already  mentioned,  have  velocities  of  10,000 
miles  a  second  and  still  lower  velocities  were  associated  with  some  of 
the  earlier  types  of  loaded  toll  cable  circuit. 

The  transmission  of  telephone  currents  over  long  circuits  is  ac- 
companied by  reflections  of  a  part  of  the  current  at  points  where  the 
electrical  characteristics  of  the  circuit  change,  particularly  at  the  ter- 
minals where  it  is  not  practicable  to  get  a  close  match  between  the 
characteristics  of  the  toll  circuit  and  of  the  various  local  circuits  and 
terminal  equipments  to  which  it  must  be  connected.  Considering  for 
the  moment  only  this  terminal  reflection,  speech  over  the  circuit  is  not 
only  transmitted  directly  but  also  a  part  of  the  transmission  current 
is  reflected  back  and  forth  between  the  terminals  producing  delayed 
sounds  analogous  to  the  echoes  produced  w^hen  one  talks  in  the  face 
of  a  distant  cliff  or  building.  For  example,  over  a  1000-mile  circuit 
with  a  velocity  of  transmission  of  10,000  miles  a  second,  the  time 
required  for  transmission  in  one  direction  is  .1  of  a  second  and  for  a 
round  trip  of  the  circuit  .2  of  a  second.  On  such  a  circuit  the  talker 
may  hear  in  his  receiver  the  echo  of  his  own  words  .2  of  a  second  after 
they  are  spoken  and  the  listener  at  the  other  end  may  hear  not  only  the 
direct  transmission  but  an  echo  delayed  by  .2  of  a  second.  Such 
effects,  if  sufficiently  great,  seriously  interfere  with  the  conversation, 
the  amount  of  interference  increasing  with  the  amount  of  delay. 

The  reduction  in  the  effect  of  echoes  is  partly  taken  care  of  by 
improvements  in  the  design,  both  increasing  the  velocity  of  transmis- 
sion over  the  circuit  and  reducing  the  amount  of  reflected  current.  In 
addition,  special  devices  known  as  "echo  suppressors"  are  used  to 
reduce  further  the  effect  of  echoes.  In  the  echo  suppressor  a  small 
part  of  the  voice  current  is  amplified  and  rectified  and  used  to  control 
the  circuit  in  such  a  way  that  during  the  conversation  the  circuit  is 
operative  only  in  one  direction  at  a  time,  the  interruption  of  the  return 
path  serving  to  prevent  the  transmission  of  echoes.  As  people  speak 
alternately  from  the  two  ends  of  the  circuit,  this  control  is  automati- 
cally shifted  so  that  the  words  will  be  fully  transmitted  in  each  case. 

While  echo  suppressors  are  very  successful  and  are  widely  used,  they 
have  certain  limitations  and,  in  spite  of  their  use,  echoes  remain  an 
important  factor  to  be  considered  when  engineering  and  laying  out 
long  telephone  circuits. 

Another  eft'ect  of  the  time  of  transmission  arises  from  the  fact  that, 
generally  speaking,  t'.e  components  of  different  frequencies  making 
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up  the  voice  currents  are  not  all  transmitted  with  the  same  velocity 
over  the  circuit.  Often  the  frequencies  in  the  middle  of  the  range 
1,000  to  1,500  cycles  arrive  first  and  the  highest  and  lowest  frequencies 
arrive  somewhat  later.  This  difference  is  inappreciable  on  short 
circuits  but  for  the  longest  circuits,  if  not  corrected  for  by  suitable 
design,  may  become  great  enough  to  be  appreciable.  Under  those 
conditions  a  distortion  of  the  speech  takes  place  which  interferes  with 
the  ease  of  understanding  and,  in  extreme  cases,  may  seriously  impair 
transmission. 

This  type  of  effect  can  be  compensated  for  by  the  installation  at 
intervals  along  the  circuit  of  networks  designed  to  introduce  addi- 
tional delay  in  the  transmission  of  the  frequencies  in  the  middle  of  the 
range  so  that  all  frequencies  will  arrive  at  the  distant  end  more  nearly 
at  the  same  time.  Up  to  the  present  time,  the  improved  design  of 
circuits  used  for  the  very  long  distances  has  sufficiently  kept  down  the 
amount  of  this  distortion  so  that  special  compensating  arrangements 
are  not  necessary  to  message  circuits  but  they  are  commonly  used  in 
circuits  for  some  of  the  special  services,  where  transmission  require- 
ments are  more  severe. 

Still  a  third  effect  of  the  finite  velocity  of  transmission  over  telephone 
circuits  is  to  be  found  in  the  time  of  transmission  itself.  In  the 
ordinary  case,  the  elapsed  time  between  the  speaking  of  a  word  at  one 
end  of  the  circuit  and  its  reproduction  at  the  distant  end  is  inappreci- 
able but  for  very  long  circuits  this  requires  consideration.  Telephone 
conversations,  like  face-to-face  conversations,  involve  the  repeated 
interchange  of  information.  Even  if  one  person  is  doing  the  talking, 
he  receives  frequent  acknowledgments  from  the  other  that  he  is 
followed  and  understood  and,  in  the  case  of  telephone  conversations, 
those  acknowledgments  must  be  vocal  in  character.  If  too  great  a 
time  is  required  for  the  transmission  of  the  speech  and  the  return 
transmission  of  the  acknowledgment  or  replies,  the  vocal  interchange 
of  ideas  is  interfered  with. 

These  considerations  have  led  to  the  preliminary  conclusion  that  the 
total  time  of  transmission  over  any  telephone  circuit  should  not  exceed 
about  3^  of  a  second.  It  would  mean  that  the  velocity  of  transmission 
20,000  miles  a  second  now  used  for  long  toll  cable  circuits  would  not  be 
adequate  at  some  future  time  for  connections  between  widely  separated 
parts  of  the  earth's  surface.  Fortunately,  the  trend  of  development 
of  very  long  circuits  is  for  various  reasons  in  the  direction  of  higher 
velocity  circuits,  as  will  be  made  apparent  in  the  next  section,  so  that 
it  is  anticipated  that  this  limitation,  except  in  perhaps  a  few  special 
cases,  will  not  be  difficult  to  overcome. 
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Multi-Channel  Telephonp:  Systems 

It  was  pointed  out  under  "Early  Developments"  that,  for  clear 
transmission,  telephone  circuits  must  transmit  a  hand  of  frequencies, 
the  minimum  hand  used  for  new  telephone  circuits  hein^  hetween 
approximately  250  and  2,750  cycles.  However,  many  telephone  lines 
can  be  made  suitable  for  transmitting  a  much  broader  hand  of  fre- 
quencies, namely,  frequencies  running  up  into  the  tens  of  thousands 
or,  by  applying  the  latest  develo{)ments,  to  hundreds  of  thousands  of 
cycles.  This  fact  naturally  raised  the  question  whether  some  means 
could  not  be  devised  for  operating  a  multiplicity  of  telephone  channels 
on  one  circuit  using  this  broader  frequency  range. 

The  general  idea  is  as  old  as  telephony  itself  or  older  as  applied  to 
telegraphy.  Alexander  Graham  Bell's  invention  of  the  telephone 
came,  in  part  at  least,  through  his  experimentation  in  means  of  pro- 
viding several  telegraph  channels  over  one  circuit  by  using  currents  of 
different  frequencies.  The  fundamental  principles  of  multiplex 
telephony  were  early  thought  of  and  well  understood.     They  involve: 

(1)  Means  for  so  varying  a  high-frequency  current  (called  a  "car- 

rier") that,  with  this  variation,  it  represents  the  sounds  to  be 
transmitted  over  the  telephone  circuit  just  as  do  the  voice 
currents  produced  by  the  telephone  transmitter  in  the  range 
250  to  2,750  cycles.  As  ordinarily  carried  out,  this  involves 
the  control  of  the  amplitude  of  the  carrier  current  in  pro- 
portion to  the  instantaneous  values  of  the  voice-frequency 
telephone  currents,  this  process  being  known  as  "modu- 
lation." 

(2)  Correspondingly,  means  for  reproducing  the  sounds  transmitted 

by  suitably  operating  upon  the  modulated  high-frequency 
current.  This  is  done  by  reproducing  from  this  current  the 
ordinary  voice  current  (a  process  know^n  as  "demodulation") 
and  applying  this  voice  current  to  an  ordinary  telephone 
receiver. 

(3)  Means  for  joining  the  modulated  carriers  of  different  frequencies 

so  that  they  can  be  transmitted  over  the  same  telephone 
wires,  and  for  completely  separating  them  from  each  other 
at  the  receiving  end  by  virtue  of  their  different  frequency 
ranges  so  that  each  modulated  carrier  can  be  demodulated 
in  a  separate  receiving  circuit  and  the  various  conversations 
carried  on  simultaneously  without  interference.  This  func- 
tion has  been  termed  selectivity. 
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While  the  fundamental  ideas  as  outlined  above  are  old,  the  physical 
means  by  which  successful  carrier  current  telephony  could  be  made 
practicable  did  not  become  available  until  the  period  1913  to  1918. 
In  that  period,  the  successful  development  of  the  vacuum  tube  for  use 
in  telephone  repeaters  produced  a  device  which,  with  different  circuit 
arrangements,  could  be  used  satisfactorily  for  generating  carrier 
currents,  modulating  them  with  telephone  currents,  and  for  reproducing 
the  telephone  currents  from  the  modulated  carrier  currents.  At 
about  the  same  time,  marked  advances  were  made  in  the  development 
of  means  for  separating  into  any  desired  groups  a  mixture  of  currents 
of  different  frequencies  transmitted  over  the  same  conductors.  These 
means  may  be  considered  in  principle  an  elaboration  of  the  elementary 
apparatus  of  this  type,  called  "composite  sets,"  long  in  use  for  sepa- 
rating telephone  and  telegraph  currents  transmitted  over  the  same 
circuit  by  reason  of  their  difference  in  frequency.  The  more  complete 
solution  of  this  general  problem  was  made  by  the  development  by  the 
Bell  System  of  the  "electrical  filter." 

With  these  new  tools  it  became  possible  to  develop  carrier  telephone 
systems  suitable  for  commercial  service.  Such  systems  were  first 
introduced  into  the  plant  of  the  Bell  System  in  1918.  Since  that  time 
their  use  has  spread  widely,  particularly  over  non-loaded  open-wire 
circuits  of  the  System. 

The  most  important  type  of  carrier  telephone  system  in  general  use 
is  the  Type  C.  One  terminal  of  such  a  system  is  indicated  schemati- 
cally in  Fig.  17.  With  this  system  three  carrier  channels,  marked  A, 
B,  and  C,  and  a  voice-frequency  channel,  marked  V,  are  transmitted 
simultaneously  over  one  pair  of  wires.  The  four  circuits  as  they  appear 
at  the  toll  switchboard  are  alike  and  are  treated  indiscriminately  by 
the  operator.  Coming  from  the  switchboard  as  indicated  at  the  left 
of  Fig.  17,  the  three  carrier  channels  first  pass  through  three  individual 
sets  of  carrier  equipment.  In  each  of  these  sets  of  carrier  equipment, 
the  circuit  is  separated  into  transmitting  and  receiving  paths.  The 
transmitting  path  is  passed  through  a  modulator  in  which  the  voice 
currents  received  from  the  switchboard  act  upon  a  carrier  and  produce 
modulated  carrier  currents,  and  through  an  electric  filter  to  the  general 
transmitting  circuit  indicated  on  the  drawing.  The  receiving  channel 
is  connected  to  the  general  receiving  circuit  through  an  electric  filter 
and  through  a  demodulator  by  means  of  which  the  received  currents 
are  caused  to  reproduce  voice-frequency  currents  similar  to  those 
delivered  to  the  circuit  at  the  other  end. 

As  the  next  step  the  three  transmitting  channels  are  brought  to- 
gether through  a  common  amplifier  and  transmitted  through  a  "band" 
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filter  to  the  line  filter.  Similarly,  the  three  receiving  circuits  are 
brought  together  by  a  common  receiving  amplifier  with  which  is  as- 
sociated a  "band"  filter,  which  in  turn  is  connected  to  the  line  filter. 
The  line  filter  consists  of  two  parts,  one  of  which  permits  the  carrier 
currents  of  Channels  A,  B,  and  C,  to  pass  but  excludes  the  voice- 
frequency  currents  and  through  this  operation  of  the  line  filter  the 
carrier  currents  are  transmitted  to  the  line.  The  voice-frequency 
circuit  V  is  connected  to  the  line  through  the  other  part  of  the  line 
filter  which  permits  voice-frequency  currents  to  pass  but  excludes  all 
of  the  carrier-frequency  currents.  These  currents  of  dififerent  fre- 
quencies from  four  channels  are  then  transmitted  together  over  the 
line  and  at  the  receiving  end  are  separated  by  apparatus  similar  to 
that  indicated  in  this  sketch. 
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Fig.   17 — Schematic  arrangement  showing  the  association  of  a  type  "C"  carrier 
telephone  terminal  with  the  telephone  line. 

At  intermediate  points  along  the  circuit,  it  is  necessary  to  install 
amplifiers  for  the  carrier-frequency  currents  as  well  as  for  the  voice- 
frequency  circuits.  At  these  points,  the  carrier-frequency  currents  are 
separated  as  a  whole  from  the  voice-frequency  circuit,  a  telephone 
repeater  being  used  for  the  voice-frequency  circuit  and  a  carrier 
repeater  consisting  of  two  amplifiers  with  electrical  filters  to  separate 
the  two  directions  of  transmission,  being  used  to  amplify  the  three 
carrier  circuits  as  a  group.  After  amplification,  the  carrier  and  voice- 
frequency  currents  are  again  brought  together  for  transmission  over 
another  section  of  line. 
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It  is  to  be  noted  that  the  carrier  circuits,  like  the  four-wire  cable 
circuits,  use  different  channels  of  transmission  in  the  two  directions, 
thus  avoiding  the  difficulties  of  balance  which  would  otherwise  be 
encountered.  In  the  case  of  the  carrier  systems  now  in  general  use, 
however,  the  two  channels  are  channels  of  different  frequencies  oper- 
ating in  opposite  directions  on  the  same  pair  of  wires  rather  than  using 
two  separate  pairs  of  wires.  As  a  result  the  Type  C  carrier  system 
providing  three  two-way  telephone  channels  transmits  over  the  line 
six  bands  of  carrier  frequencies,  one  for  each  direction  for  each  of  the 
channels.  The  maximum  frequency  used  by  the  Type  C  system  is 
about  30,000  cycles. 

In  addition  to  the  Type  C  system  just  described,  there  is  used  in 
the  Bell  System  a  simpler  single-circuit  carrier  system  (Type  D) 
providing  one  carrier  circuit  in  addition  to  the  voice-frequency  tele- 
phone circuit. 

In  the  case  of  carrier  systems  as  in  the  case  of  telephone  repeaters, 
their  application  to  the  telephone  plant  involved  not  only  the  develop- 
ment of  the  system  itself  but  the  development  and  application  of  new 
practices  to  the  telephone  plant.  This  came  about  from  the  fact  that 
the  plant,  heretofore  designed  primarily  for  the  transmission  of 
ordinary  voice  frequencies,  that  is,  currents  up  to  about  3,000  cycles 
per  second  in  frequency,  was  now  called  upon  to  transmit  currents  up 
to  30,000  cycles  successfully  and  without  interference.  In  order  to 
do  this,  it  was  necessary  in  the  open-wire  circuits  to  use  non-loaded 
pairs  and  where  loading  was  necessary  in  short  sections  of  incidental 
cable  in  such  circuits,  to  design  new  loading  systems  with  loading  coils 
of  small  inductance  placed  at  frequent  intervals  which  would  transmit 
these  higher  frequency  currents.  A  major  problem  of  adapting  the 
plant  to  the  use  of  these  currents  arose  from  the  increasing  tendency 
with  higher  frequencies  for  currents  flowing  in  one  circuit  to  induce 
currents  into  other  circuits  in  the  vicinity.  The  transposition  systems 
used  to  prevent  crosstalk  between  voice-frequency  telephone  circuits 
on  the  same  pole  line  were  wholly  inadequate  to  prevent  crosstalk  of 
the  carrier  currents  and  without  extensive  changes  such  crosstalk 
would  have  been  far  too  great  to  make  possible  the  satisfactory  use  of 
carrier  systems.  New  systems  of  transpositions  involving  a  large 
increase  in  the  number  of  transpositions  used  in  a  given  section  of  line 
were  designed  for  this  purpose.  Also,  it  was  found  that  for  the 
largest  use  of  carrier  systems  it  would  be  necessary  to  give  up  the  use 
of  phantoms  on  the  circuits  involved  and  also  to  rearrange  the  con- 
ductors to  provide  less  space  between  the  two  wires  of  the  pair  and 
greater  amounts  of  space  between  the  pairs  on  the  same  crossarm. 
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These  new  construction  arrangements  have  been  worked  out  and 
applied  where  the  extensive  use  of  carrier  is  sufficiently  important 
to  justify  them. 

As  a  result  of  these  various  developments,  an  extensive  use  of  carrier 
systems  has  been  made  in  the  Bell  System  plant.  This  is  indicated 
in  Fig.  18,  which  shows  the  routes  on  which  carrier  systems  are  used 
at  the  present  time.  The  total  circuit  mileage  in  service  provided  by 
carrier  systems  is  about  400,000  miles,  which  is  over  8  per  cent,  of  the 
total  toll  circuit  mileage  in  service. 

Up  to  the  present  time,  the  applications' of  carrier  have  been  confined 
to  open  wire,  including  relatively  short  sections  of  incidental  cable  in 
the  open-wire  circuit.  Further  advances  in  the  art,  particularly  in  the 
design  of  very  stable  amplifiers  capable  of  amplifying  simultaneously 
a  large  number  of  carrier  channels  of  different  frequencies  without 
mutual  interference  and  improvements  in  the  design  of  electrical 
filters  to  make  them  less  expensive  and  more  effective  have  opened 
the  way  for  broader  applications  of  carrier.  These  broader  applica- 
tions include  the  prospective  use  of  carrier  on  non-loaded  cable  circuits 
with  amplifiers  spaced  at  intervals  of  twenty  miles  or  less.  Systems 
are  now  being  developed  for  this  service  by  which  it  is  expected  to  get 
12  one-way  channels  on  a  single  non-loaded  cable  pair,  and  with 
cables  of  special  construction,  such  as  the  coaxial  cable,  on  which 
experiments  are  now  being  made,  several  hundred  one-way  trans- 
missions may  be  obtained  on  a  single  unit. 

In  view  of  these  developments  under  way,  and  further  prospective 
improvements  in  carrier  systems  applicable  to  open-wire  circuits,  it 
is  evident  that  this  form  of  transmission  will  have  in  the  future  a 
rapidly  growing  field  of  use  in  the  telephone  plant. 

Associated  Technical  Developments 

The  successful  operation  in  a  practical  telephone  plant  of  the  new 
types  of  circuit  for  transmission  over  very  long  distances  both  in  cable 
and  in  open  wire  required,  in  addition  to  the  main  developments  briefly 
outlined  above,  the  developments  of  a  number  of  associated  technical 
arrangements.  Some  of  the  more  important  of  these  are  briefly 
outlined  in  the  following  paragraphs. 

Regulators 

In  the  long  telephone  circuits  made  possible  by  the  use  of  repeaters, 
having  a  number  of  repeaters  at  different  points  along  the  circuit,  the 
net  transmission  efficiency  of  the  circuit  is  the  result  obtained  by 
balancing  the  amplification  of  telephone  currents  in  the  repeaters 
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against  the  attenuation  ol  the  telephone  current  in  the  various  line 
sections  of  the  circuit.  As  a  result,  with  increase  in  length  such  cir- 
cuits become  increasingly  susceptible  to  the  effect  of  variations  in 
circuit  efficiency  caused  by  changes  in  weather  conditions.  In  the 
case  of  toll  cable  circuits  this  variation  is  primarily  due  to  changes  in 
temperature  and  in  a  long  cable  circuit  such  changes  may  in  a  single 
day  make  a  10,000  fold  difference  in  the  overall  efficiency  of  the  cable. 
In  the  case  of  open  wire  circuits  the  change  is  mostly  due  to  rain  and  is 
particularly  prominent  in  the  highest  frequency  carrier  systems. 

In  order  to  offset  these  variations  and  provide  circuits  of  approxi- 
mately constant  overall  net  efficiency  these  longer  circuits  are  equipped 
with  regulating  systems  which  make  it  possible  to  offset  the  variations 
in  the  efficiency  of  the  circuits  by  either  manually  or  automatically 
changing  the  gain  of  certain  of  the  repeaters. 

In  the  case  of  the  cable  circuits  the  regulation  system,  known  as  a 
"pilot  wire  regulator,"  is  automatic.  It  makes  use  of  a  direct-current 
channel  over  a  metallic  composite  circuit,  variations  in  the  resistance 
of  this  pilot  wire  which  result  from  the  variations  in  temperature 
causing  automatic  adjustment  of  the  regulating  repeaters.  A  single 
pilot  wire  with  its  associated  regulating  equipment  can  be  used  for 
controlling  all  of  the  circuits  in  a  cable.  Sometimes  as  many  as  300 
circuits  or  more  in  number  are  regulated  with  a  single  pilot  wire.  In 
order  to  get  sufficiently  accurate  regulation  and  because  of  practical 
layout  considerations  the  cable  is  generally  regulated  separately  in 
sections  of  100  to  150  miles  in  length. 

In  the  case  of  a  type  C  carrier  system  on  open  wire  the  regulating 
system  depends  upon  attenuations  of  carrier  currents  transmitted  over 
the  same  pair  as  the  carrier  system.  On  most  of  the  type  "C" 
systems  the  regulators  give  an  indication  of  the  net  efficiency,  which  is 
kept  within  a  prescribed  limit  by  manual  adjustment  of  the  repeaters. 
In  some  cases  apparatus  providing  this  adjustment  automatically  is  in 
use. 

Equalizers 

The  transmission  efficiency  of  telephone  lines  is  generally  different 
for  the  different  single  frequencies  comprising  the  voice-frequency 
band.  This  variation  is  particularly  great  on  some  loaded  cable 
circuits  where  the  maximum  frequencies  transmitted  approach  the 
maximum  frequencies  which  the  circuit  is  capable  of  transmitting. 
If  such  variation  in  efficiency  were  permitted,  resulting  in  the  higher 
frequencies  having  much  greater  losses  than  the  lower  frequencies,  the 
normal  relative  proportion  of  different  frequencies  would  in  some 
cases  be  so  distorted  that  the  transmitted  speech  would  not  be  clear  or 
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even  could  not  be  recognized.  In  order  to  prevent  such  distortion, 
therefore,  it  was  necessary  to  develop  and  apply  means  for  compen- 
sating for  the  variation  in  the  line  by  variations  in  the  opposite 
direction.  These  means  are  called  attenuation  equalizers.  In  the 
telephone  message  circuit  these  attenuation  equalizers  are  generally 
designed  to  be  an  integral  part  of  the  telephone  repeaters  themselves. 

Signaling  Systems 

With  the  exception  of  a  few  special  cases  all  telephone  circuits  for 
message  telephone  service  are  provided  with  a  means  by  which  signals 
can  be  transmitted  from  one  end  to  the  other  in  order  to  call  to  the 
circuit  an  operator  (or  sometimes  in  the  case  of  dial  systems,  a  machine) 
or  subscriber.  In  the  relatively  short  circuits  used  for  local  telephone 
service  this  signal  commonly  is  provided  either  by  the  flow  of  direct 
current  which  is  used  to  light  a  lamp  or  operate  a  relay  or  by  the  fiow 
of  20-cycle  alternating  current  which  is  used  to  ring  a  bell  or  operate 
a  relay. 

Signals  based  upon  the  use  of  direct  current  are  generally  used  in 
cases  where  it  is  desired  to  have  the  signal  continue  to  indicate  the 
condition  of  a  connection  throughout  the  conversation  since  the  direct 
current  can  continue  to  flow  over  the  circuit  simultaneously  with  the 
voice  current  during  conversation  without  interference.  The  most 
extensive  use  of  this  type  of  signaling  is  for  the  shorter  circuits.  The 
method  of  operation  of  long  toll  circuits  generally  is  such  that  no 
signal  is  required  over  the  toll  circuit  during  the  conversation  period 
but  only  before  and  after  the  conversation,  and  for  such  signals  alter- 
nating current  is  generally  used. 

In  the  early  days  the  alternating  currents  used  for  signals  over  toll 
circuits  were  generally  the  same  as  those  used  for  signaling  over  local 
circuits,  namely,  16  to  20  cycles  per  second.  As  the  simultaneous  use 
of  toll  circuits  for  telephone  and  telegraph  expanded,  this  was  modified 
because  of  interference  which  would  occur  between  the  telegraph  cur- 
rents and  the  16  or  20-cycle  signaling  currents.  For  such  cases  signal- 
ing was  accomplished  by  alternating  currents  of  135  cycles,  sufficiently 
high  to  avoid  interference  with  the  telegraph  systems  then  in  use. 

With  the  further  development  of  long  toll  circuits  having  many 
repeaters  at  intermediate  points  and  also  with  the  development  of 
carrier  telephone  systems,  the  satisfactory  transmission  of  135-cycle 
current  from  one  end  of  the  circuit  to  the  other  became  more  difficult. 
At  the  same  time  the  advance  in  the  art  made  possible  the  development 
of  satisfactory  and  economical  signaling  systems  using  interrupted 
currents  of  1,000-cycle  frequency.     With  such  a  system  the  signaling 

37 


current  uses  the  same  transmission  path  as  the  voice  currents  hut  the 
system  is  designed  to  discriminate  between  the  voice  and  signaHng 
current.  The  signaling  current  is  transmitted  from  end  to  end  over 
the  circuit  without  the  use  of  intermediate  ringers  which  had  been 
resorted  to  on  the  135-cycle  ringing  system.  This  1,000-cycle  system 
has  extended  rapidly  in  its  field  of  use  and  is  now  used  for  the  majority 
of  circuits  over  100-150  miles  in  length. 

Telegraph  System 

The  early  methods  by  which  provision  was  made  for  the  simultaneous 
use  of  telephone  circuits  for  telephone  and  telegraph  service  were 
described  in  the  section  on  "  Early  Developments."  With  the  general 
extension  in  the  telephone  plant  of  the  improved  types  of  telephone 
circuits  described  above,  and  with  the  growth  in  extent  and  require- 
ments of  the  private  line  telegraph  service,  it  became  important  to 
devise  new  types  of  telegraph  circuits  adaptable  for  use  with  the  new 
types  of  telephone  circuit  and  suitable  to  meet  the  increased  telegraph 
requirements. 

One  such  new  form  of  telegraph  circuit  was  the  metallic  telegraph 
system  designed  for  use  on  telephone  toll  cables  simultaneously  with 
the  use  of  the  same  conductors  for  telephone  service.  In  order  to 
avoid  interference  betw^een  the  telephone  and  telegraph  circuits  it 
was  necessary  to  use  relatively  low  voltages  and  currents  on  the 
telegraph  circuit.  With  these  low  voltages  and  currents  grounded 
telegraph  circuits  were  impracticable  because  of  outside  interference 
and  it  was  necessary  to  use  metallic  circuits  in  which  no  use  was  made 
of  the  ground  for  the  transmission  path.  With  the  new  metallic 
circuits  voltages  of  34  volts  and  currents  of  4  milliamperes  were  used 
compared  with  130  volts  and  60  milliamperes  in  the  grounded  direct- 
current  telegraph  systems. 

Another  form  of  telegraph  circuit  which  was  developed  for  use  over 
telephone  toll  cables  is  the  so-called  voice-frequency  telegraph  system. 
With  this  system  by  carrier  current  methods  the  telephone  channel  is 
split  up  into  12  telegraph  channels,  each  of  which  is  suitable  for  use  as 
an  independent  telegraph  circuit,  one  telephone  circuit  thus  providing 
12  telegraph  circuits.  In  this  case,  the  telephone  circuit  cannot  be 
used  simultaneously  for  telephone  and  telegraph  circuits.  This 
system  is  designed  to  be  applied  either  to  a  four-wire  cable  circuit,  or 
to  a  carrier  telephone  circuit  which,  like  the  four-wire  cable  circuit, 
consists  of  two  channels  for  transmission  in  the  opposite  directions. 
It  has  large  advantages  for  long  circuits  because  of  the  fact  that  no 
apparatus  is  required  at  points  intermediate  between  the  terminals, 
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including  points  where  cable  and  open  wire  are  joined,  other  than  the 
standard  telephone  repeaters  and  associated  apparatus  already  pro- 
vided with  the  circuit  for  telephone  purposes. 

Still  a  third  type  of  telegraph  system  devised  to  meet  the  new  condi- 
tions is  that  known  as  the  high-frequency  carrier  telegraph  system. 
This  system  is  designed  for  application  to  open  wires.  It  applies  to 
the  provision  of  telegraph  circuits  the  same  principles  as  are  applied 
in  the  carrier  telephone  system  for  the  provision  of  telephone  circuits. 
It  uses  frequencies  above  the  voice  range,  roughly  in  the  range  from 
3,000  to  10,000  cycles,  thus  permitting  the  continued  use  of  the 
conductors  for  a  voice-frequency  telephone  circuit  simultaneously 
with  its  use  for  high-frequency  carrier  telegraph  circuits.  With  this 
system  10  two-way  telegraph  circuits  are  provided. 

Auxiliary  Apparatus  and  Equipment 

In  addition  to  the  main  items  described  above,  developments  of 
other  apparatus  and  equipment  auxiliary  to  the  telephone  toll  circuits 
were  made  necessary  by  the  general  use  of  repeaters  and  carrier 
systems.  Power  plants  providing  current  to  the  filaments  and  plate 
circuits  of  the  vacuum  tubes  used  in  repeaters  and  carrier  systems  had 
to  be  provided  having  much  closer  voltage  regulation  than  had  hereto- 
fore been  necessary  for  the  earlier  types  of  telephone  equipment.  New- 
forms  of  testboards  were  required  and  new  types  of  arrangements  of 
distributing  frames  and  of  protective  apparatus.  Plans  were  devel- 
oped for  the  economical  arrangement  of  the  new  types  of  equipment 
in  large  offices.  All  of  these  things  while  essential  for  the  proper 
operation  of  modern  toll  telephone  circuits  probably  do  not  need  de- 
tailed discussion  in  this  statement. 

Another  type  of  equipment  which  had  to  be  developed  was  that  for 
carrying  out  the  various  forms  of  electrical  test  necessary  to  assure 
the  proper  operation  of  these  new'  telephone  circuits.  The  develop- 
ment of  this  equipment  and  of  the  new  maintenance  methods  which 
made  use  of  this  equipment  is  of  sufficient  general  importance  so  that 
it  is  briefly  discussed  in  the  next  section  of  this  statement. 

Development  Of  Methods  Of  Measurement  And 
Maintenance  For  Toll  Circuits 

The  history  of  toll  service  has  been  a  story  of  the  continuous  appli- 
cation of  new  scientific  instrumentalities.  The  laboratory  experi- 
ments of  one  day  become  the  regular  service-giving  apparatus  of  ever- 
growing complexity.  Maintaining  this  complicated  equipment  at  a 
high  state  of  efficiency  has  been  accomplished   through  methods  of 
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measurements,  developed  either  to  make  possible  the  measurement  of 
electrical  quantities  for  which  no  methods  of  measurement  existed 
previously  or  else  to  make  possible  measurements  in  large  numbers  on 
a  routine  basis  at  little  expense  which  previously  were  delicate, 
expensive  and  confined  to  the  laboratories.  It  would  be  out  of  place 
to  include  in  this  report  a  general  discussion  of  the  development  of  these 
methods.  Mention  will  be  made,  however,  of  certain  items  which 
have  particular  reference  to  the  new  types  of  toll  circuit  discussed 
above. 

An  important  tool  in  electrical  measurements  is  the  W'heatstone 
bridge  devised  originally  for  the  accurate  measurement  of  resistances. 
In  dealing  with  telephone  circuits  where  the  performance  of  circuits 
and  apparatus  in  the  transmission  of  alternating  currents  is  important, 
it  was  necessary  to  expand  the  Wheatstone  bridge  for  alternating 
current  use.  This  involved  providing  elements  for  the  Wheatstone 
bridge  having  not  only  a  known  resistance  to  the  flow  of  direct  currents 
but  also  a  known  resistance  and  reactance  to  the  flow  of  alternating 
currents  of  the  frequencies  at  which  measurements  were  to  be  made. 
It  was  soon  found,  however,  that  with  frequencies  as  high  as  those 
required  in  telephone  measurements,  running  up  to  two  or  three  thou- 
sand cycles,  the  resistance  and  reactance  of  the  elements  of  the  Wheat- 
stone bridge  were  not  well  known  and  varied  depending  upon  the 
number  of  elements  connected  in  the  circuit.  This  variation  was  due 
to  the  effect  of  incidental  capacitances  between  the  elements  of  the 
bridge  and  between  them  and  the  ground.  In  order  to  overcome  these 
difficulties,  G.  A.  Campbell  devised  an  arrangement  of  shields  by 
which  variation  in  the  effect  of  these  incidental  capacitances  was 
prevented  and  in  this  way  produced  bridges  for  alternating  current 
use  which  would  give  accurate  results  over  the  range  of  frequencies 
required  in  telephonic  measurements. 

An  interesting  example  of  the  application  of  the  shielded  impedance 
bridge  to  practical  telephone  measurements  is  presented  by  what  is 
called  the  "capacity  unbalance  (testing)  set."  This  testing  set  is  de- 
signed to  measure  the  very  small  capacitances  between  individual 
wires  of  a  short  section  of  toll  cable  or  more  specifically  differences 
between  these  capacitances  for  the  individual  wires  of  two  pairs  or  of 
two  quads,  expressing  these  differences  in  such  a  way  that  they  are 
directly  proportional  to  the  contribution  made  by  the  capacitances  in 
the  short  section  of  cable  to  crosstalk  between  circuits  using  the  pairs 
or  quads  thus  tested.  The  purpose  of  the  test  is  to  give  information 
to  the  splicing  forces,  which,  properly  interpreted  by  them,  enables 
them  to  splice  together  pairs  and  quads  in  adjacent  lengths  in  such 
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combinations  that  the  crosstalk  unbalances  in  adjacent  sections  tend 
to  neutralize  each  other  and  the  crosstalk  between  all  pairs  and  quads 
i  n  the  cable  when  completed  will  be  small.  The  capacitance  differences 
measured  in  individual  lengths  are  only  a  few  millionths  of  a  micro- 
farad. This  measurement,  originally  possible  only  under  carefully 
controlled  conditions,  is,  by  the  use  of  the  capacity  unbalance  testing 
set,  reduced  to  a  routine  part  of  the  work  of  the  construction  and  cable 
splicing  forces. 

Another  interesting  kind  of  measurement  bearing  in  a  very  im- 
portant way  on  the  maintenance  of  the  efficiency  of  telephone  toll 
circuits  is  measurements  of  transmission  efficiency,  that  is,  of  the 
power  output  of  the  telephone  circuit  in  proportion  to  the  power  input 
of  alternating  current  at  the  distant  end.  In  order  that  such  a  meas- 
urement may  represent  the  efficiency  of  the  circuit  for  the  transmission 
of  telephone  currents,  it  is  necessary  not  only  that  the  frequency  of 
the  testing  current  correspond  to  one  of  the  important  frequencies  of 
telephone  currents  ^1,000  cycles  is  ordinarily  used  when  only  one  fre- 
quency is  necessary)  but  also  that  the  amount  of  power  transmitted 
correspond  approximately  to  the  average  power  of  telephone  currents. 
For  this  reason  the  standard  input  power  for  such  tests  is  one  milliwatt 
and  the  power  received  at  the  other  end  of  the  telephone  circuit  is  often 
one-tenth  of  that  or  less. 

When  tests  of  this  sort  were  first  made  as  a  part  of  the  routine  work 
of  maintaining  telephone  toll  circuits  the  only  available  instrument 
sufficiently  sensitive  to  measure  the  received  power  and  practical  for 
use  under  field  conditions  was  the  combination  of  the  telephone  re- 
ceiver and  the  ear.  In  making  such  a  measurement  power  was 
transmitted  alternately  over  the  circuit  to  be  tested  and  over  an 
artificial  circuit  whose  efficiency  was  known  and  adjustable,  the 
adjustment  being  made  until  the  received  sound  was  equally  loud  in 
the  two  cases.  Then  with  the  further  development  of  the  art  sensitive 
receiving  instruments  became  available  which  were  substituted  for  the 
telephone  receiver  and  the  ear,  the  adjustment  then  being  made  of  the 
artificial  telphone  line  until  the  received  power  as  indicated  by  the 
sensitive  meter  was  equal  to  that  received  over  the  circuit  under  test. 
The  perfection  of  instruments  of  sufficient  sensitivity  for  this  measure- 
ment and  yet  sufficiently  rugged  to  be  practicable  for  use  by  the  regular 
telephone  maintenance  forces  constituted  a  great  advance  in  the  devel- 
opment of  measuring  systems  for  telephone  transmission.  The  most 
satisfactory  instruments  of  this  type  made  use  of  vacuum  tubes  to 
provide  the  necessary  sensitiveness. 
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A  still  further  improvement  has  been  made  by  development  of 
instruments  which  within  a  limited  range  showed  directly  by  their 
amplitude  of  deflection  the  amount  of  power  loss  in  the  telephone 
circuit.  With  this  latter  development  the  artificial  circuit  is  entirely 
dispensed  with,  the  standard  amount  of  alternating  current  power 
applied  to  the  circuit  at  one  end  and  the  meter  connected  to  the  other 
end.  These  great  advances  in  the  technique  of  measuring  instruments 
provided  an  ease  of  measurement  almost  comparable  to  the  ease  of 
the  measurements  commonly  made  in  power  transmission  systems 
where  the  large  amounts  of  power  available  made  the  development  of 
satisfactory  instruments  very  much  less  difficult.  Now  a  still  further 
advance  in  these  methods  of  measurement  has  been  made  by  devising 
arrangements  such  that  the  deflection  of  the  instrument  is  indicated 
in  an  enlarged  scale  on  an  illuminated  screen.  This  makes  it  un- 
necessary to  transport  the  instrument  to  the  terminal  of  the  circuit 
and  makes  it  possible  in  a  repeater  office,  by  making  connections  in 
one  part  of  the  room  so  that  the  circuit  is  connected  to  the  receiving 
instrument,  for  the  maintenance  man  to  read  the  deflection  of  the 
meter  at  a  distance  thus  further  cutting  down  the  time  required  for 
tests  of  this  nature. 

Other  types  of  tests  on  telephone  toll  circuits  for  which  special 
measuring  apparatus  and  measuring  methods  have  been  devised 
include  measurements  of  the  crosstalk  between  circuits,  measurements 
of  the  noise  currents  induced  in  circuits  by  other  electrical  circuits, 
such  as  electric  power  circuits,  measurements  of  the  uniformity  of 
electrical  impedance  from  the  standpoint  of  suitability  for  operation 
with  repeaters,  measurements  of  the  amplification  of  telephone  re- 
peaters and  measurements  of  the  thermionic  activity  of  the  vacuum 
tubes. 

While  the  above  discussion  refers  to  instruments  for  the  measure- 
ment of  alternating  currents  in  what  is  called  the  voice-frequency 
range,  that  is,  up  to  about  3,000  cycles  per  second,  the  introduction  of 
carrier  telephone  and  telegraph  systems  made  necessary  the  develop- 
ment of  similar  measuring  instruments  for  the  higher  frequency  cur- 
rents used  in  carrier,  namely,  up  to  about  30,000  cycles  per  second. 
With  the  expected  use  in  the  future  of  currents  up  to  frequencies  of 
100,000  or  1,000,000  cycles  or  more  the  range  of  field  measuring  ap- 
paratus will,  of  course,  have  to  be  greatly  increased. 

The  use  of  these  special  types  of  apparatus  for  making  necessary 
electrical  measurements  has  required  a  large  amount  of  instruction 
of  the  maintenance  forces.  Also,  it  was  necessary  to  devise  systems 
of  test  and  adjustment  using  these  measuring  methods  by  means  of 
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which  the  transmission  performance  of  toll  circuits  of  the  new  types 
can  best  be  maintained  at  the  desired  standards.  This  involves  a 
determination  of  the  kind  of  tests  and  the  limits  of  adjustment  neces- 
sary for  the  different  types  of  apparatus  included  in  these  circuits,  the 
frequency  of  tests  and  the  desirable  range  of  performance  results  for 
the  maintenance  of  a  high  quality  of  service  over  these  circuits,  with 
the  least  practicable  expense  for  their  maintenance.  Maintenance 
routines  of  this  sort  are  developed  from  time  to  time  with  each  new 
type  of  circuit  and  amended  to  accord  with  modifications  in  the  details 
of  the  circuits  or  to  take  advantage  of  the  results  of  field  experience. 

Special  Services 

With  a  nation-wide  network  of  poles,  wires  and  circuits  available 
for  telephone  message  purposes,  and  with  its  accumulated  knowledge 
concerning  technical  communication  problems  the  Bell  System,  as  the 
demand  has  arisen,  has  naturally  been  in  a  position  to  analyze  the 
technical  requirements  of  the  special  communication  services  and  to 
provide  suitable  facilities  for  them.  The  earliest  demand  for  intercity 
circuits  for  special  services  were  for  private  telephone  circuits  between 
telephones  in  different  cities  and  for  private  line  telegraph  circuits. 
Since  that  time  developments  in  the  communication  art,  such  as  radio 
broadcasting  and  the  transmission  of  pictures  over  wires,  have  created 
additional  demands. 

The  toll  wire  plant  of  the  Bell  System  can  be  used  either  inter- 
changeably or  simultaneously  for  telephone  message  service  and  many 
of  the  special  services.  In  addition,  the  telephone  message  service  and 
practically  all  the  special  services  make  common  use  of  many  other 
parts  of  the  toll  plant,  such  as  poles,  conduits,  buildings  and  power 
plants. 

Some  of  the  special  services  which  make  use  of  telephone  circuits  or 
of  circuits  similar  to  telephone  circuits  involve  special  requirements 
for  satisfactory  transmission.  This  is  best  illustrated  by  the  trans- 
mission of  programs  for  radio  broadcast  stations,  a  service  which  is 
given  on  a  nation-wide  basis  over  the  toll  plant  of  the  Bell  System. 
The  principal  reason  for  the  wide  difference  in  technical  requirements 
of  program  transmission  circuits  and  of  telephone  message  circuits  is 
that,  unlike  the  message  circuits,  program  transmission  circuits  are 
required  to  transmit  music  as  well  as  speech.  The  satisfactory  recep- 
tion of  transmitted  music  requires  the  transmission  of  a  broader  band  of 
frequencies  than  is  necessary  for  speech  alone.  The  national  program 
transmission  networks  of  the  country  at  the  present  time,  consistent 
with  the  requirements  of  radio  broadcast  art,  transmit  a  band  of 
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frequencies  of  from  about  50  to  about  5,000  cycles  compared  with  a 
band  of  frequencies  of  250  to  2,750  cycles  commonly  transmitted  by 
message  circuits,  and  means  by  which  a  broader  band  of  frequencies 
can  be  transmitted  over  program  transmission  circuits  have  been  de- 
veloped. Another  important  requirement  of  program  transmission 
circuits  is  that  they  shall  be  able  to  handle  a  wide  range  of  input  power. 
Generally  speaking,  the  power  may  be  varied  over  a  range  of  10,000  to 
1,  without  the  overloading  of  the  amplifiers  or  other  apparatus  on  the 
circuit  at  the  highest  levels  or  interference  with  the  program  by 
extraneous  noises  at  the  lowest  levels. 

Because  of  these  and  other  special  requirements  a  large  part  of  the 
telephone  plant  devoted  to  program  transmission  is  designed  specifi- 
cally for  that  service.  In  the  toll  cables  special  16-gauge  pairs  have 
been  placed  and  these  pairs  are  equipped  with  loading  and  with 
amplifiers  designed  to  produce  satisfactory  transmission  circuits.  The 
equalization  for  variations  in  attenuation,  the  regulating  arrangements 
to  assure  constant  efficiency,  and  the  compensators  for  the  difference 
in  the  velocity  of  transmission  of  currents  of  different  frequencies 
present  special  problems. 

On  open-wire  lines  the  conductors  used  are  generally  of  the  same 
type  as  those  provided  for  telephone  message  circuits.  On  the  other 
hand,  it  is  necessary  to  give  up  the  use  of  direct  current  telegraph  and 
generally  necessary  to  give  up  the  use  of  phantoms  on  circuits  used  for 
program  transmission.  Also,  in  some  cases  the  number  of  carrier 
channels  which  can  be  superposed  upon  the  conductors  is  reduced. 
The  amplifiers  and  other  equipment  used  in  connection  with  these 
conductors  for  program  transmission  are  of  special  design. 

Not  only  is  the  plant  for  program  transmission  of  special  design  but 
even  to  a  greater  extent  the  operating  features  are  special  to  this  type 
of  service.  For  many  conditions  continuous  monitoring  is  necessary 
during  the  transmission  of  the  program.  Special  switching  arrange- 
ments are  required  to  make  possible  rapid  changes  in  the  connection 
of  program  transmission  networks  at  the  moment  of  a  change  in 
program. 

At  the  present  time  there  are  about  60,000  miles  of  program  trans- 
mission circuit  maintained  for  full-time  and  recurring  program  service, 
of  which  about  40,000  miles  are  in  daily  service  in  the  Bell  System  on 
full-time  networks.  The  extent  of  the  network  devoted  regularly  to 
this  purpose  is  indicated  in  Fig.  19. 
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Telephotography 

In  1925  the  Bell  System  inaup;urated  between  a  limited  number  of 
points  a  service  for  the  transmission  of  photographs  by  wire.  Such  a 
system  involved  the  use  of  telephone  circuits,  the  band  of  frequencies 
required  for  successful  transmission  being  approximately  800-1,800 
cycles.  This  service  was  discontinued  in  1933  because  of  lack  of 
commercial  demand. 

At  the  present  time  the  Bell  System  is  providing  to  one  of  the  press 
associations  special  circuits  for  their  use  in  transmitting  photographs 
with  apparatus  owned  by  them.  The  type  of  apparatus  used  for  this 
circuit  is  a  Bell  System  development,  and  represents  a  marked  advance 
over  the  earlier  apparatus,  transmitting  pictures  at  a  higher  speed  and 
requiring  a  band  of  frequencies  of  approximately  1,200-2,600  cycles. 
Within  the  band  of  frequencies  used  for  the  picture  transmission  a  very 
high  degree  of  equalization  of  attenuation  and  velocity  of  transmission 
is  required.  This  involves  the  use  of  apparatus  designed  specifically 
for  this  service  which  is  associated  with  regular  telephone  repeaters. 
It  also  requires  special  attention  on  the  part  of  the  operating  forces. 

Other  Special  Services 

The  Bell  System  gives  an  extensive  private  line  telephone  service. 
The  requirements  for  circuits  for  this  service  are  similar  to  those  for 
telephone  message  service  and  do  not  require  any  special  discussion. 

Also,  the  toll  plant  of  the  Bell  System  is  from  time  to  time  used  in 
a  limited  way  for  other  special  services.  The  private  line  telegraph 
service  and  teletypewriter  exchange  service  are  not  discussed  here, 
being  outside  the  scope  of  this  statement. 

Toll  Operating  Methods 

Operating  Method  Defined 

By  "toll  operating  method"  is  meant  the  process  by  which  a  toll 
call  is  received,  recorded,  completed  and  timed.  This  process  is 
referred  to  as  "  handling  the  call."  It  relates,  for  the  most  part,  to  the 
routine  and  procedure  of  handling  the  call,  although  it  must  conform 
to  the  type  of  equipment  provided,  the  trunking  method  involved  and 
the  arrangement  of  the  plant.  During  the  development  of  the 
telephone  business  many  different  toll  operating  methods  have  been 
used,  but  in  the  following  only  the  five  are  described  which  at  various 
times  have  come  into  general  use  and  by  which  the  vast  majority  of  all 
toll  calls  have  been  handled.  Such  questions  as  the  following  are 
involved  in  the  toll  operating  method: 
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How  shall  the  customer's  order  be  received  and  recorded? 
How  shall  the  operator  reach  the  called  place? 

What  combination  of  plant  and   method  will   result  in   the  best 
service  at  least  cost? 

Interrelation  of  Method  and  Equipment  Design 

The  operating  method  and  the  design  of  the  equipment  must  be 
considered  together.  In  many  cases  the  design  of  the  equipment  must 
be  changed  to  permit  the  use  of  an  improved  operating  method.  In 
other  cases  redesign  of  the  equipment  is  not  essential  to  the  improve- 
ment of  an  operating  method  but  in  nearly  all  cases  some  change  in 
equipment  design  or  arrangement  is  desirable  to  permit  the  best  service 
and  the  most  economical  operation  of  the  method.  In  the  normal 
evolution  of  the  business,  improvements  in  methods  and  equipment 
design  follow  along  concurrently.  It  is  not  unusual  that  the  greatest 
amount  of  work  in  connection  with  the  improvement  of  a  method  has 
to  do  with  the  study  and  design  or  redesign  of  equipment  rather  than 
with  the  study  of  the  operating  method  alone. 

Rearrangement  of  Plant  Brought  About  by  Changes  in  Method 

Various  types  of  switchboard  equipment  are  designed  to  serve 
specialized  functions  in  the  toll  operating  room.  These  various  types 
of  equipment  must  be  arranged  so  that  the  toll  calls  can  be  handled 
most  speedily  and  economically.  Most  of  the  equipment  used  by 
operators  is  provided  to  make  possible  the  interconnection  of  a  tele- 
phone with  any  other  telephone  wathin  the  exchange  or  toll  network. 
In  addition,  however,  certain  auxiliary  equipment  is  provided  which 
facilitates  such  interconnection.  At  information  desks  no  connection 
is  made  between  telephones  but  this  equipment  is  provided  to  make 
available  to  operators  and  subscribers  the  telephone  numbers  required 
in  completing  connections.  In  the  long  distance  office  the  route  desk 
is  provided  to  perform  a  similar  function  in  connection  with  the  routing 
of  calls.  The  various  operating  methods  are  designed  to  use  these 
auxiliary  equipments  to  best  advantage  and  the  various  items  of 
equipment  must,  therefore,  be  arranged  in  such  a  manner  as  to  meet 
different  operating  conditions  as  methods  are  changed.  Occasionally 
an  improvement  in  method  makes  it  possible  to  eliminate  one  of  these 
auxiliary  equipments.  An  example  of  this  will  be  shown  below  in 
connection  with  the  combined  line  and  recording  method.  The 
manner  in  which  various  types  of  equipment  are  arranged  in  the 
operating  room,  their  proximity  to  each  other,  their  relative  locations 
on  different  fioors  of  the  building,  the  arrangement  of  the  trunks  that 
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tie  them  together,  the  arrangement  of  the  ticket  distributing  apparatus, 
all  have  important  effects  upon  the  service  rendered  by  and  the 
efficiency  of  the  operating  method.  Changes  in  method,  therefore, 
frequently  call  for  rearrangement  of  equipment. 

Trunking  Methods  Distinguished  from  Operating  Methods 

As  soon  as  the  telephone  business  developed  to  the  point  where  it 
became  necessary  to  connect  together  two  telephones  not  served  by 
the  same  central  office,  the  arrangements  for  interconnection  between 
the  two  offices  became  an  important  consideration.  Offices  are  con- 
nected together  by  trunks  or  toll  lines  and  there  must  be  arrangements 
for  operators  to  get  into  communication  with  each  other  promptly.  In 
general  this  is  accomplished  by  signals  transmitted  over  the  circuit 
which  later  is  used  for  conversation,  but  sometimes  a  separate  circuit, 
known  as  a  call-circuit,  is  used.  The  manner  in  which  trunks  are 
arranged  and  used  is  known  as  trunking  method,  as  distinguished 
from  operating  method  which  has  to  do  with  the  manner  in  which  calls 
are  handled.  Much  of  the  trunking  methods  experience  gained  in 
handling  local  traffic  has  been  applied  to  the  handling  of  toll  calls. 
The  more  important  trunking  methods  are  call-circuits,  straight- 
forward, ringdown  and  dialing.  Any  of  these  trunking  methods  may 
be  used  with  the  various  toll  operating  methods. 

Description  of  Trunking  Methods 

Call-Circuit  Trunking  Method 

Under  this  method  a  call-circuit  was  provided  between  the  two 
offices.  The  terminating  end  was  connected  to  an  operator's  receiver 
and  at  the  originating  end,  any  one  of  a  number  of  operators  could 
connect  her  telephone  set  to  this  circuit  merely  by  depressing  a  key. 
Let  us  assume,  for  example,  that  a  call  from  New  York  to  Philadelphia 
is  being  handled  by  this  trunking  method.  The  customer  in  New 
York  has  given  the  Philadelphia  number  to  the  New  York  operator. 
The  latter  depresses  a  key  which  connects  her  telephone  set  to  the 
call-circuit  which  at  Philadelphia  is  connected  to  the  receiver  of  an 
operator  who  handles  only  inward  connections  from  New  York.  The 
New  York  operator  listens  for  a  moment,  to  determine  that  no  one  else 
is  speaking  on  the  call  circuit,  and  then  passes  the  Philadelphia  number 
over  the  circuit.  Let  us  also  assume  that  there  are  50  toll  circuits 
between  New  York  and  Philadelphia,  numbered  1  to  50.  At  the 
moment  that  the  New  York  operator  passes  the  number  to  the  Phila- 
delphia operator,  some  of  these  circuits  are  in  use.  By  glancing  at 
her  switchboard  the  Philadelphia  operator  determines  that  circuit  No. 
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13,  for  example,  is  not  in  use.  In  response  to  the  number  passed  by 
the  New  York  operator,  she  says  "one-three."  This  notifies  the  New 
^'ork  operator  that  she  is  going  to  connect  the  required  telephone  num- 
ber at  Philadelphia  to  circuit  No.  13.  The  New  York  operator  con- 
nects her  calling  party  to  this  circuit  and  conversation  begins  as  soon 
as  the  Philadelphia  subscriber  answers  his  telephone.  As  on  any  local 
call  the  removal  or  hanging  up  of  the  receiver  at  the  called  telephone  is 
indicated  to  the  New  York  operator  by  appropriate  signal  lights. 

Straightforward  Trunking  Method 

As  improvements  in  equipment  and  operating  methods  were  made, 
the  call-circuit  trunking  method  gradually  was  replaced  by  the  straight- 
forward trunking  method.  Let  us  assume  that  a  call  is  being  handled 
by  the  straightforward  method  from  office  A  to  ofifice  B.  The  calling 
party  gives  the  called  number  to  the  operator  in  ofifice  A  who  then 
makes  connection  to  a  trunk  to  ofifice  B.  The  trunk  is  connected  to 
apparatus  at  office  B  in  such  a  way  that  when  the  operator  at  A  makes 
connection  to  it  she  is  connected  automatically  to  the  receiver  of  an 
operator  at  B  and  a  momentary  audible  tone  indicates  to  her  that  the 
operator  at  B  is  ready  to  receive  the  call.  Upon  hearing  the  tone  the 
operator  at  A  passes  the  called  number  to  the  operator  at  B  who  then 
connects  the  trunk  to  the  called  telephone  line.  It  will  be  noted  that 
the  selection  of  the  trunk  or  circuit  between  the  calling  and  the  called 
offices  is  made  by  the  originating  operator  under  the  straightforward 
trunking  method,  whereas  under  the  call-circuit  trunking  method  the 
selection  of  the  trunk  is  made  by  the  operator  at  the  terminating  office. 

Ringdown  Trunking  Method 

The  ringdown  trunking  method  was  the  first  to  come  into  use  and 
is  still  used  where  it  is  uneconomical  to  provide  the  equipment  neces- 
sary to  straightforward  or  dial  operation.  Under  this  method  the 
operator  at  office  A  signals  the  operator  at  office  B  by  making  con- 
nection to  a  trunk  or  circuit  bet\veen  A  and  B  and  by  depressing  a  key 
which  operates  a  signal  associated  with  the  circuit  at  office  B.  The 
operator  answ^ers  this  signal  by  connecting  her  telephone  set  to  the 
circuit  and  announcing  the  name  of  her  office.  The  operator  at  A  then 
passes  the  number  of  the  called  telephone  to  the  operator  at  B  who 
makes  connection  to  the  called  number. 

Dial  Trunking  Method 

Under  some  conditions  it  is  feasible  to  arrange  for  the  originating 
toll  operator  to  dial  the  called  number  without  the  assistance  of  an 
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inward  operator  at  the  called  place.  By  this  trunking  method  the 
calling  party  reaches  the  operator  and  gives  her  his  call  in  the  usual 
way.  She  then  makes  connection  to  a  trunk  or  circuit  to  the  called 
place  and  upon  receipt  of  the  proper  automatic  signal,  indicating  that 
the  apparatus  at  the  terminating  office  is  ready  to  receive  the  call,  she 
dials  the  called  number.  Under  this  method,  as  with  the  call-circuit 
and  straightfonvard  trunking  methods,  switchboard  lamp  signals 
indicate  to  the  originating  operator  whether  the  receiver  at  the  called 
telephone  is  on  or  off  its  hook. 

Description  of  Toll  Operating  Methods 

General  Characteristics  of  Toll  Calls  and  Operating  Methods 

The  percentage  of  toll  calls  handled  by  the  various  toll  operating 
methods  has  varied  from  year  to  year,  as  shown  in  Fig.  20,  until  at 
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present  about  99  per  cent  are  handled  by  the  A-Board  Toll  and 
Combined  Line  and  Recording  methods.  A  large  percentage  of  toll 
calls  involve  short  distances  and  are  of  a  simple  type  that  may  readily 
be  handled  at  local  switchboards.     The  remaining  toll  calls  are  handled 


50 


at  separate  long  distance  offices  where  equipment  especially  designed 
for  the  handling  of  long  distance  calls  is  provided.  In  addition  to  the 
switchboard  positions  at  which  the  operators  work  who  handle  the  long 
distance  calls,  there  are  certain  auxiliary  positions  where  operators 
supply  information  to  other  operators  with  regard  to  routes,  rates  and 
charges.  Whether  the  toll  call  is  handled  at  the  local  ofhce  or  at  the 
long  distance  office  the  operator  who  handles  the  call  and  deals  with 
the  customers  must  have  access  to  the  toll  lines  and  means  of  com- 
munication with  the  auxiliary  operators.  Under  any  toll  operating 
method  the  operator  who  handles  the  call  must  make  a  record  from 
which  the  customer  is  billed.  This  is  done  on  a  small  ticket  which  also 
serves  other  supervisory  purposes.  There  must  be  timing  devices  by 
which  the  operator  may  time  the  length  of  conversation  and  facilities 
for  sending  the  ticket  to  file  or  to  other  operators  if  additional  or  special 
work  is  to  be  done  in  connection  with  it. 

A-Board  Toll  Operating  Method 

On  the  toll  calls  handled  at  local  A  boards,  the  subscriber  reaches 
his  local  operator  (by  dialing  the  code  "0"  in  dial  areas)  and  gives  his 
call  to  her.  If  she  does  not  know  the  route  to  the  called  place  from 
memory,  she  obtains  it  either  from  a  bulletin  at  her  position  or  by 
inquiry  of  the  route  operator.  She  reaches  the  called  place  by  what- 
ever trunking  method  is  in  use  over  the  route  in  question.  Most  such 
calls  today  are  completed  by  the  straightforward  or  dialing  methods 
over  direct  trunks.  If  direct  circuits  to  the  called  place  are  not  pro- 
vided and  the  straightforward  method  is  used,  the  operator  selects 
a  trunk  to  an  intermediate  or  tandem  office  and  upon  receipt  of  proper 
signal  passes  the  proper  order  to  the  tandem  or  intermediate  operator 
who  connects  the  trunk  on  which  the  order  was  received  to  a  trunk  to 
the  called  office.  Upon  receipt  of  the  order  at  the  called  office,  the 
terminating  operator  makes  connection  to  the  called  line.  If  the 
dialing  method  is  involved,  the  originating  operator  dials  the  called 
number  over  tandem  trunks  to  the  called  place.  When  the  called 
telephone  answers,  the  operator  enters  the  connect  time  on  the  ticket. 
When  both  parties  hang  up  the  receivers  this  action  operates  signals 
before  the  operator  which  indicate  to  her  that  the  customers  have 
finished  talking.  W^hen  these  signals  appear,  the  operator  enters  the 
disconnect  time  on  the  ticket  above  the  time  previously  shown  and 
the  duration  of  the  connection  then  may  be  obtained  simply  by  sub- 
tracting the  connect  time  from  the  disconnect  time.  If  the  calling 
party  requests  the  charge  for  the  call,  the  operator  makes  this  sub- 
traction, obtains  the  rate  to  the  called  place  either  from  her  bulletin  or 
from  the  rate  operator,  computes  the  charge  and  advises  the  customer. 

51 


Tzvo-Niimber  Toll  Operating  Method 

For  transmission  reasons  it  was  found  desirable  in  large  metropolitan 
areas  to  provide  a  separate  trunk  plant  and  a  separate  toll  switchboard 
for  handling  calls  between  widely  separated  central  offices.  This 
separate  office  became  known  as  the  "two-number"  office  and  the 
traffic  was  handled  by  the  "two-number"  method.  This  method  was 
used  for  a  number  of  years  before  the  present  tandem  systems  came 
into  service. 

Under  the  two-number  operating  method  the  subscriber  gave  the 
called  number  to  his  local  operator  as  on  a  local  call.  The  local  oper- 
ator, over  a  trunk  to  the  two-number  board,  passed  the  called  number 
and  then  the  calling  number  to  the  two-number  operator.  The  two- 
number  operator  then  obtained  connection  to  the  calling  number  over 
another  trunk  which  afforded  better  transmission  than  that  of  the  first 
trunk,  and  disconnected  from  the  trunk  over  which  the  call  was  re- 
ceived. This  disconnection  caused  a  signal  to  light  before  the  local 
operator  who  originally  received  the  call,  whereupon  the  local  operator 
took  down  the  connection  she  had  made  between  the  calling  party  and 
the  two-number  operator.  The  two-number  operator  then  proceeded 
to  establish  connection  with  the  called  telephone  over  a  trunk  of  proper 
transmission  design  by  whatever  trunking  method  was  in  use.  At 
the  time  the  two-number  toll  operating  method  was  in  greatest  use, 
the  usual  trunking  method  was  call-circuit  although  much  of  this 
business  was  handled  by  the  ringdown  method.  Tickets  were  written, 
connections  timed,  and  routes  and  rates  were  obtained  in  much  the 
same  manner  that  they  are  obtained  with  the  A  board  toll  operating 
method.  The  two-number  method  acquired  its  name  through  the 
fact  that  the  local  operator  passed  two  numbers  on  each  call  to  the  so- 
called  two-number  operator. 

Two-Ticket  Toll  Operating  Method 

For  that  portion  of  the  toll  business  on  which  the  customer  reaches 
and  gives  his  call  to  the  long  distance  operator,  three  important  toll 
operating  methods  have  been  used.  One  of  the  important  early  toll 
operating  methods  involved  the  writing  of  a  ticket  by  the  operators 
at  both  ends  of  the  connection  and  became  known  as  the  "two- 
ticket"  method. 

In  each  long  distance  office  where  the  two-ticket  operating  method 
was  in  use,  there  was  provided  a  recording  board  at  which  long  distance 
calls  were  recorded  by  a  special  group  of  recording  operators;  there 
was  an  arrangement  for  sending  the  tickets  either  by  mechanical 
device  or  by  messenger  from  the  recording  board  to  other  positions  as 
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required.  There  was  a  directory  desk  where  the  directory  operator 
wrote  on  the  ticket  the  telephone  number  of  the  called  person.  Usu- 
ally associated  with  the  directory  desk  was  an  arrangement  for  filing 
completed  tickets  such  that  should  any  customer  wish  to  inquire  the 
charge  on  his  call  after  it  had  been  filed,  it  might  be  located  quickly. 
There  was  a  route  and  rate  desk  to  which  the  ticket  was  then  sent  and 
where  the  operator  recorded  upon  it  the  route  and  the  rate  to  the  called 
I)lace.  There  was  an  outward  or  line  board  where  operators  established 
connection  between  the  calling  and  called  telephones.  There  was  a 
special  board  known  as  an  inward  board  where  operators  established 
connections  to  local  offices  for  operators  at  distant  offices.  There  was 
a  through  board  where  operators  connected  toll  circuits  together,  end 
to  end,  on  calls  coming  from  a  distant  city  and  going  to  another  city 
via  this  office.  Each  pair  of  line  positions  was  equipped  with  a  device 
for  timing  calls,  the  calculagraph. 

With  two-ticket  operation,  a  customer  wishing  to  place  a  long 
distance  call  reached  his  local  operator  and  asked  her  to  connect  him 
with  long  distance.  The  local  operator  complied  with  this  request  by 
making  connection  to  a  trunk  to  long  distance  which  appeared  for 
answering  before  a  special  group  of  operators  trained  only  to  record 
the  customer's  order.  The  recording  operator  answered  the  signal 
on  this  trunk  by  saying  "Long  Distance."  The  customer  told  the 
recording  operator  whom  he  wished  to  reach  and  where  he  might  be 
found.  He  was  then  told  by  the  recorder  that  the  operator  would  call 
him  and  he  hung  up  his  receiver.  After  recording  the  information 
supplied  by  the  customer  on  an  "outward"  ticket  form,  the  ticket  was 
sent  to  other  operators  for  further  handling.  If  the  customer  had 
not  supplied  the  number  of  the  called  telephone,  the  ticket  was  sent 
to  a  directory  operator  who  looked  up  in  the  directory  of  the  called 
place  the  telephone  number  of  the  called  person.  Each  toll  office  did 
not  then,  nor  does  it  now,  have  direct  circuits  to  all  other  toll  offices. 
It  was  necessary,  therefore,  in  many  cases,  to  determine  the  route  to 
the  called  place.  After  the  telephone  number  had  been  supplied  to 
the  ticket  by  the  directory  operator,  the  ticket  next  went  to  the  routing 
operator  who  indicated  on  the  ticket  the  route  to  the  called  place. 
The  ticket  was  then  sent  to  the  particular  line  operator  who  handled 
calls  to  the  desired  place.  The  line  operator  obtained  connection  with 
the  calling  subscriber's  telephone  and  to  a  circuit  to,  or  in  the  direction 
of,  the  called  place.  Having  reached  the  inward  operator  at  the 
called  place,  she  passed  the  details  of  the  call  to  her.  The  inward 
operator  recorded  them  on  an  "inward"  ticket  form  and  proceeded 
to  obtain  connection  with  the  called  telephone  or  party  or  to  find  out 
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where  or  when  the  called  person  mi^^ht  be  reached.  Havin^^  reached 
the  called  station  or  party  she  notified  the  originating  operator  who 
then  rang  the  calling  party.  When  both  the  calling  and  called  parties 
answered  their  telephones,  the  operator  inserted  the  ticket  in  the 
calculagraph  and  stamped  the  time.  When  the  calling  party  hung  up 
his  receiver,  the  originating  operator  received  a  disconnect  signal  on 
his  line,  stamped  the  time  on  the  ticket  by  means  of  the  calculagraph 
and  took  down  the  connection.  The  ticket  was  then  sent  to  the  ticket 
filing  desk  where  it  was  filed  in  the  numerical  order  of  the  calling  num- 
ber. The  inward  operator  also  took  down  the  connection  upon  receipt 
of  a  signal  indicating  that  the  called  party  had  hung  up  his  receiver. 

Single-Ticket  Operating  Method 

Before  the  single-ticket  method  came  into  use  operating  methods 
and  practices,  as  well  as  accounting  methods,  varied  from  place  to 
place.  This  made  it  necessary  for  a  considerable  part  of  the  operating 
work  on  toll  calls  to  be  done  by  the  operator  at  the  called  place.  The 
first  step  in  passing  from  the  two-ticket  to  the  single-ticket  method 
was  to  eliminate  the  ticket  at  the  inward  end,  and  to  place  the  re- 
sponsibility for  all  work  in  connection  with  handling  the  call,  except 
the  purely  mechanical  operation  of  making  physical  connection  to  the 
called  telephone,  upon  the  outward  operator  at  the  calling  place. 
The  elimination  of  this  work  made  possible  also  the  elimination  of  a 
large  amount  of  equipment  at  the  terminating  place,  avoided  the 
duplication  of  operator  time  at  both  ends  of  the  circuit  and  saved 
circuit  time.  It  required  standardization  throughout  the  System  in 
equipment,  local  and  toll  practices,  and  auditing  methods. 

Under  the  single-ticket  method  the  customer  reached  long  distance 
just  as  he  did  with  the  two-ticket  method  and  the  preliminary  work 
of  finding  the  called  number  and  the  route  for  the  call  remained  un- 
changed. When  the  ticket  reached  the  line  operator,  however,  she 
took  up  a  circuit  to  the  called  place  and  merely  passed  an  order  to  the 
inward  operator  for  connection  to  the  called  number.  When  the 
called  telephone  answered,  the  originating  operator  announced  the 
call,  arranged  for  the  called  party  to  come  to  the  telephone  and  con- 
nected the  calling  party  to  the  circuit  when  the  person  at  the  called 
station  was  ready  to  talk.  The  connection  was  timed  and  the  ticket 
filed  in  the  same  way  as  under  the  two-ticket  method. 

Combined  Line  and  Recording  (CLR)  Method 

Experience  with  the  single-ticket  operating  method  had  suggested 
the  possibility  of  having  the  line  operator  receive  and  record  the  call 
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as  well  as  perform  the  work  of  reaching  the  called  telephone  or  party 
and  of  establishing  the  connection.  Improvements  in  toll  plant 
contributed  to  the  feasibility  of  this  type  of  operation.  Such  a  plan 
would  eliminate  the  need  for  a  separate  recording  board  but  would 
increase  the  number  of  outward  line  positions  required.  It  also  would 
bring  in  new  problems  of  training  and  supervision.  With  the  pro- 
posed method  it  appeared  that  the  speed  of  service  on  long  distance 
calls  might  be  considerably  improved  by  virtue  of  the  fact  that  it 
would  no  longer  be  necessary  to  send  tickets  from  one  position  to 
another  within  the  office.  Furthermore,  with  this  method  it  would  be 
unnecessary  for  the  operator  to  dismiss  the  customer  after  he  had 
given  her  his  call  and  to  recall  him  when  ready  with  the  connection. 
Instead  the  customer  could  remain  at  the  telephone  while  the  line 
operator  attempted  to  complete  his  call. 

Under  the  CLR  method  of  operating,  now  in  use,  the  customer  dials 
or  asks  for  long  distance  in  the  usual  way.  The  signal  at  the  long 
distance  board  appears  before  the  line  operator  who  answers  with  the 
words  "Long  Distance."  The  line  operator  records  the  call  in  the 
usual  way  except  that  when  the  customer  gives  the  name  of  the  called 
place  and  the  number  of  the  called  telephone  she  takes  up  a  circuit  to 
the  called  place  and  records  the  information  on  the  ticket  while  waiting 
for  the  inward  operator  at  the  called  place  to  answer.  After  passing 
the  called  number  to  the  inward  operator  and  while  waiting  for  the 
called  telephone  to  answer,  she  asks  the  calling  party  for  his  telephone 
number.  Conversation  is  timed  and  the  ticket  disposed  of  in  the 
usual  way. 

Under  the  single-ticket  method  calls  to  or  via  a  given  city  are 
always  handled  by  the  same  group  of  operators.  Under  the  CLR 
method  any  line  operator  may  handle  a  call  to  any  place  in  the  toll 
system.  If  the  call  is  not  completed  on  the  first  attempt,  the  ticket 
is  sent  to  the  so-called  point-to-point  positions  where  calls  to  a  given 
city  are  assigned  to  positions  designated  to  handle  calls  only  to  that 
city.  This  assures  prompt  and  careful  handling  of  those  calls  which 
have  encountered  delay  and  the  handling  of  such  calls  does  not  inter- 
fere with  the  handling  of  work  on  new  calls  at  the  CLR  position. 

It  may  be  of  interest  to  follow  the  handling  of  a  call  by  the  CLR 
method.  Figure  21  shows  schematically  the  route  of  a  long  distance 
call  through  the  telephone  plant,  and  the  functions  performed  by  the 
various  operators  along  the  route  while  handling  the  call  by  the  CLR 
method.  Let  us  assume  that  the  call  in  question  is  a  station-to-station 
paid  call  from  an  individual  line  dial  telephone  in  New  York  to  an 
individual   line   telephone   in   Chicago.     The   New   York  subscriber 
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removes  the  receiver  from  its  hook,  listens  for  dial  tone  and  dials  a 
code  for  the  long  distance  operator  (in  New  York  "211  ").  A  signal 
appears  before  the  line  operator  at  the  long  distance  switchboard  and 
the  customer  hears  the  ringing  signal.  The  line  operator  plugs  into 
the  trunk  on  which  the  customer's  signal  has  appeared  and  indicates 
her  readiness  to  receive  the  call  by  saying  "Long  Distance."  The 
customer  gives  his  order  by  saying  "Chicago,  Harrison  1234."  The 
long  distance  operator  plugs  into  a  Chicago  circuit  with  the  other  end 
of  the  cord  pair  used  in  answering  the  subscriber  and  rings.     While 
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Fig.  21 — The  long  distance  call. 

the  customer  was  speaking  and  while  performing  these  operations  and 
waiting  for  the  Chicago  inward  operator  to  answer,  she  has  recorded 
the  abbreviation  for  Chicago  and  the  Chicago  telephone  number  on  a 
toll  ticket.  The  Chicago  inward  operator  answers  by  saying  "Chi- 
cago." The  New  York  operator  responds  with  "Harrison  1234"  and 
while  waiting  for  the  Chicago  inward  operator  to  obtain  connection  to 
this  number,  she  asks  the  New  York  subscriber  for  his  telephone  num- 
ber. The  subscriber  at  Harrison  1234  answers  and  conversation 
begins.     After  recording  the  New  York  number  on  the  toll  ticket,  the 
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New  York  operator  inserts  the  ticket  in  the  calculagraph  in  readiness 
to  stamp  the  start  of  conversation.  When  she  hears  the  party  at 
Chicago  speak  to  the  New  York  party,  she  cuts  out  of  the  connection, 
stamps  the  start  of  conversation  on  the  ticket  and  places  the  ticket 
in  a  clip  associated  with  the  pair  of  cords  on  which  the  conversation  is 
taking  place.  When  the  parties  have  finished  speaking,  the  New 
York  party  hangs  up  his  receiver  which  lights  a  signal  associated  with 
this  pair  of  cords,  whereupon  the  operator  inserts  the  ticket  in  the 
calculagraph  and  stamps  the  finish  of  conversation.  She  then  takes 
down  the  connection  and  sends  the  ticket  to  file.  When  the  Chicago 
party  hangs  up  his  receiver,  the  inward  operator  at  Chicago  receives  a 
disconnect  signal  and  likewise  takes  down  the  connection. 

The  above  describes  the  steps  in  the  handling  of  the  simplest  type 
of  long  distance  call.  There  are  many  variations  from  this.  The 
process  varies  with  the  type  of  telephone  at  which  the  call  originate? 
and  at  which  it  terminates.  Person-to-person  calls  involve  reaching 
particular  persons  and  introduce  additional  variations  in  handling. 
Calls  may  be  placed  either  paid  or  collect  and  the  routine  is  different  in 
each  case.  Direct  circuits  are  not  provided  to  all  places  and  inter- 
mediate operators  are  involved  in  handling  switched  calls.  The  called 
telephone  sometimes  is  busy  or  does  not  answer  or  the  called  person 
may  not  be  available  and  additional  attempts  must  be  made  to  com- 
plete the  call.  All  of  these  conditions  call  for  variations  in  the  process 
of  handling  the  call,  yet  the  operating  method  and  the  operating  rules 
or  practices  which  describe  it  must  cover  all  of  these  situations. 

Evolution  of  Toll  Operating  Methods 

It  may  be  seen  from  the  above  that  toll  operating  methods  have 
grown  and  developed  along  with  the  business  to  meet  the  changing 
requirements.  As  each  new  method  came  into  use  the  quality  and 
usefulness  of  the  toll  service  has  steadily  improved  and  the  way  has 
been  cleared  for  a  better  operating  job  and  improved  supervision. 
High  grade  operating  and  supervision  broaden  the  possibilities  in 
methods  betterment  work  and  may  well  be  the  controlling  factors  in 
the  success  of  improved  plans.  The  operating  method  is  influenced  by 
features  of  plant  design  such  as  transmission  requirements  and  im- 
provements in  switchboard  equipment.  Conversely,  the  design  and 
arrangement  of  plant  is  influenced  by  changes  in  operating  method 
made  to  improve  the  quality  of  the  service.  Through  the  toll  system 
the  telephone  service  of  the  country  as  a  whole  is  tied  together  as  one 
great  network  and  the  coordination  and  standardization  of  the  plant 
and  methods  make  possible  universal  service. 
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General  Toll  Switching  Plan 

The  technical  developments  which  are  outlined  in  the  preceding 
sections  of  this  account  made  possible  continued  improvement  in  the 
range  and  quality  of  telephone  conversations  over  long  distances  and 
economies  in  the  costs  of  providing  long  distance  circuits.  As  a  result, 
long  distance  telephone  service  grew  rapidly,  both  in  volume  and  in 
extent,  and  by  1915  service  was  established  between  the  Atlantic  and 
the  Pacific  Coasts.  The  application  of  technical  developments 
continued,  increasing  the  transmission  efficiency  not  only  of  the  very 
long  telephone  circuits  which  technical  developments  have  recently 
made  possible  but  also  of  shorter  toll  circuits  of  all  lengths. 

Although  the  opening  of  the  transcontinental  line  showed  the  pos- 
sibility of  establishing  direct  telephone  service  between  any  two  points 
in  the  country,  a  great  deal  more  had  to  be  done  in  order  to  closely 
realize  the  Bell  System  ideal  of  universal  service,  that  is,  good  service 
between  any  two  points  in  the  country.  While  a  large  proportion  of 
the  toll  board  messages  (at  present  80  per  cent)  is  handled  by  direct 
circuits  between  the  two  terminal  points,  there  is  naturally  a  very 
large  number  of  combinations  of  cities  and  towns  in  the  country 
between  which  the  telephone  business  is  too  light  to  justify  direct 
circuits — in  fact,  these  constitute  a  large  percentage  of  all  the  combi- 
nations of  places  in  the  country.  For  these  conditions,  when  a 
telephone  connection  is  required,  it  must  be  established  by  switching 
together  two  or  more  telephone  circuits.  Some  cases  might  require 
switching  together  a  considerable  number  of  telephone  circuits,  this 
sometimes  involving  difficulty  and  delay  in  establishing  the  connection. 
Also,  while  the  telephone  circuits  may  be  so  designed  that,  individually 
or  in  combinations  of  two,  they  provide  very  satisfactory  transmission, 
in  some  of  these  cases  requiring  a  number  of  switches,  the  combination 
of  circuits  might  result  in  unsatisfactory  transmission. 

In  order  that  universal  service  for  the  nation  might  practically  be 
realized,  it  was  necessary  to  provide  an  underlying  plan  for  the  routing 
of  telephone  calls  between  any  two  places  such  that  the  maximum 
number  of  switches  necessary  for  building  up  the  connection  would  be 
as  low  as  practicable.  This  must  apply  to  connections  between  any 
two  points  in  an  operating  area,  or  other  natural  subdivision  of  the 
country,  and  also  to  the  country  as  a  whole.  Furthermore,  the  plan 
should  provide  for  a  transmission  design  of  toll  circuits  such  that 
transmission  conditions  will  be  satisfactory  on  individual  circuits  when 
used  for  direct  traffic  between  their  terminals,  and  also  for  any  combi- 
nation of  circuits  which  may  be  connected  together  in  establishing  a 
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connection  between  any  two  points.  It  is  the  purpose  of  the  General 
Toll  Switching  Plan  to  provide  a  general  design  of  the  toll  plant  which 
meets  these  requirements  and  which,  therefore,  when  fully  effective, 
provides  for  satisfactory  service  between  any  two  points  in  the  conti- 
nental United  States.  The  Plan  also  covers  that  part  of  Canada 
served  by  the  Bell  Telephone  Company  of  Canada.  For  most  of  the 
messages,  where  volume  of  business  and  other  conditions  justify, 
the  telephone  service  is  of  course  better  than  the  minimum  contem- 
plated by  the  Plan  as,  for  example,  by  the  provision  of  direct  circuits. 

In  addition,  trends  in  the  construction  of  toll  circuits  were  such 
that  there  was  a  growing  need  for  an  underlying  plan  for  routing  toll 
circuits  in  such  a  way  as  to  provide  for  the  most  economical  plant  de- 
sign. Large  numbers  of  additional  toll  circuits  were  required  and  the 
types  of  new  telephone  plant  were  such  as  to  trend  increasingly 
toward  the  concentration  of  large  numbers  of  telephone  circuits  on  a 
single  route.  This  is  illustrated  best  by  the  telephone  cable,  making 
possible  the  installation  of  many  hundreds  of  circuits  along  the  same 
route  and  in  a  smaller  way  by  the  application  of  carrier  telephone 
systems  to  open-wire  lines,  doubling  or  trebling  the  number  of  circuits 
which  could  be  carried  by  each  such  line.  Satisfactory  operation  over 
connections  built  up  by  switching  together  several  toll  circuits  (multi- 
switch  connections  as  they  are  called)  requires  the  insertion  of  trans- 
mission gain  at  the  switching  points.  Developments  in  methods  of 
providing  such  transmission  gain  by  the  proper  manipulation  of 
repeaters  were  of  such  nature  that  increasing  economies  could  be 
realized  by  concentrating  through  switching  as  far  as  possible  at  a 
small  number  of  points.  Also,  this  concentration  could  result  in 
operating  economies.  A  General  Toll  Switching  Plan  lends  itself 
naturally  to  concentrations  of  circuits  on  important  routes,  and  in  the 
development  of  the  plan,  account  was  taken  of  this  trend.  It  there- 
fore forms  a  background  for  realizing  in  future  plant  extensions  the 
maximum  economies  from  these  concentrations  of  route  and  of  through 
switching. 

These  considerations  led  to  the  development  in  1928  and  1929  of  a 
General  Toll  Switching  Plan.  The  general  features  of  this  Plan  may 
be  understood  by  referring  to  Figs.  22  and  23.  Figure  22  shows  how 
the  Plan  applies  within  a  given  operating  area  such  as  an  operating 
unit  of  an  Associate  Company.  Within  such  an  area  there  were 
selected  a  few  important  switching  points  and  these  were  designated 
as  "primary  outlets."  Each  toll  center  in  the  area  is  directly  con- 
nected to  at  least  one  primary  outlet  and  each  primar>'  outlet  is 
directly  connected  to  every  other  primary  outlet  in  the  area.     There- 

59 


O  PRIMARY  OUTLET 
•    TOLL  CENTER 


FUNDAMENTAL   ROUTES 
OF  GENERAL   PLAN 

SUPPLEMENTARY  DIRECT 
CIRCUIT  GROUPS 


Fig.  22 — Application  of  the  toll  switching  plan  to  an  operating  area. 
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Fig.  23 — Application  of  the  toll  switching  plan  to  the  country  as  a  whole. 

fore,  any  two  toll  centers  in  the  area  can  be  connected  together  with  a 
maximum  of  two  intermediate  switches.  The  primary  outlets  for 
each  area  were  selected  after  a  careful  study  of  present  switching  and 
operating  conditions.  Due  weight  also  was  given  to  the  probable 
future  trends.     The  number  and  location  of  primary  outlets  selected 
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for  each  operating  area  were  designed  to  give  maximum  economy 
considering  both  present  and  future  conditions.  This  naturally  re- 
sulted in  many  cases  in  the  selection  of  the  larger  cities  of  a  given 
operating  area  although  in  some  cases  other  points  were  chosen  as 
primary  outlets  due  to  their  advantageous  location,  for  example,  at 
the  point  of  intersection  of  a  number  of  important  toll  routes.  The 
routings  provided  by  the  Plan  are  supplemented  by  direct  routes  or 
other  routings  where  the  volume  of  traffic  or  other  conditions  made 
this  desirable.  These  other  routings,  however,  are  designed  to  provide 
service  conditions  at  least  as  good  as  those  provided  by  the  General 
Toll  Switching  Plan. 

Figure  23  shows  the  application  of  the  General  Toll  Switching  Plan 
to  the  country  as  a  whole.  In  order  to  tie  together  with  a  minimum 
number  of  switches  the  interconnected  groups  of  primary  outlets,  each 
one  of  these  primary  outlets  has  direct  connection  to  at  least  one  very 
important  switching  point  designated  as  a  "  regional  center,"  and  each 
regional  center  has  direct  connection  to  every  other  regional  center  in 
the  country.  This  means  that  any  two  primary  outlets  in  the  country 
are  connected  together  with  a  maximum  of  two  intermediate  switches. 
The  numbers  of  switches  between  telephone  points  of  different  classi- 
fications are  shown  by  Fig.  24.     It  will  be  noted  that  in  the  limiting 
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Fig.  24 — Numbers  of  switches  between  telephone  points  of  different  classifications. 

case  of  toll  centers  in  different  regional  areas  and  not  connected  directly 
to  any  regional  center,  the  maximum  number  of  intermediate  switches 
is  four. 

The  present  location  of  regional  centers  and  primary  outlets  in  the 
General  Toll  Switching  Plan  is  shown  in  Fig.  25.     There  are,  as  will 
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be  noted,  eight  regional  centers  in  the  United  States,  and  143  primary 
outlets  including  three  in  the  eastern  part  of  Canada. 

While  a  regional  center  has  direct  circuits  to  all  of  the  primary 
outlets  tributary  to  it,  it  also  has  direct  circuits  to  many  other  primary 
outlets.  This  is  illustrated  by  Fig.  26  showing  for  the  case  of  the 
Chicago  regional  center  the  direct  circuits  to  a  large  number  of  primary 
outlets  throughout  the  country.  In  addition,  Chicago  has,  of  course, 
direct  circuits  to  many  toll  centers  which  are  not  primary  outlets  where 
the  volume  of  traffic  is  sufficient  to  justify  such  direct  circuits.  The 
same  is  true  also  of  other  regional  centers  and  of  primary  outlets. 

In  order  that  the  transmission  between  any  two  points  in  the  country 
over  a  circuit  routed  in  accordance  with  the  General  Toll  Switching 
Plan  should  be  satisfactory,  standards  were  established  for  each  class 
of  toll  circuit,  that  is,  for  toll  circuits  between  toll  centers  and  primary 
outlets,  between  primary  outlets  and  regional  centers,  etc.  These 
standards  provide  satisfactory  overall  transmission  for  connections 
between  any  two  points  in  an  operating  area,  with  an  economical 
division  of  the  total  transmission  loss  between  the  different  toll 
circuits  entering  into  the  connection.  Generally  speaking,  these  same 
circuits  form  parts  also  of  very  long  connections,  switching  at  primary 
outlets  or  regional  centers  t6  long  circuits  running  to  other  parts  of 
the  country.  In  order  that  satisfactory  transmission  may  be  given 
under  these  conditions,  it  is  necessary  that  severe  requirements  be 
applied  to  the  very  long  circuits  with  the  result  that  they  must  be 
designed  and  maintained  with  great  care  and  coordination  throughout 
their  entire  length.  It  is  also  necessary  that  transmission  gain  be 
inserted  at  points  where  circuits  are  connected  together,  and  therefore 
that  the  characteristics  of  the  shorter  circuits  be  such  that  they  do  not 
limit  the  possibilities  of  inserting  such  transmission  gains.  The 
application  of  these  various  complex  requirements  for  toll  circuits,  in 
order  that  they  may  form  satisfactory  links  in  any  connection,  short 
or  long,  in  the  nation-wide  toll  telephone  network,  is  greatly  facilitated 
by  the  systematic  character  of  the  General  Toll  Switching  Plan,  and 
by  the  recommendations  as  to  minimum  performance  standards  which 
that  plan  contains. 

Until  recently,  the  method  generally  used  for  inserting  transmission 
gain  on  through  connections  of  toll  circuits  was  by  means  of  repeaters 
associated  with  the  cord  circuits  at  the  intermediate  switching  points. 
About  the  time  that  the  Toll  Switching  Plan  was  established,  there 
was  made  available  an  improved  method  by  which  the  gain  of  repeaters 
permanently  inserted  in  the  toll  line  is  automatically  adjusted  at  the 
switching  point  when  the  toll  circuits  are  connected  together.     These 
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improved  arrangements  were  scheduled  for  application  as  circum- 
stances warranted  to  the  regional  centers  and  primary  outlets.  At 
the  present  time  they  have  been  applied  to  all  of  the  regional  centers 
and  about  half  of  the  primary  outlets  and  about  95  per  cent  of  the 
switched  connections  requiring  gain  at  the  switching  centers  make 
use  entirely  of  this  improved  method. 

As  the  Bell  System  is  a  living  and  growing  organism,  the  (ieneral 
Toll  Switching  Plan  is  continuously  under  review  and  frequently 
revised  in  detail.  For  example,  while  there  are  now  four  primary 
outlets  in  the  territory  of  the  New  England  Telephone  and  Telegraph 
Company,  it  seems  probable  that  future  developments  in  concentration 
of  circuits  on  cable  routes  will  result  in  reducing  these  in  number. 

The  transmission  requirements  applied  to  the  different  classifications 
of  circuit  for  best  results  vary  with  the  availability  of  further  technical 
developments.  For  example,  in  the  future  the  improved  high-speed 
circuits  made  possible  by  the  application  of  carrier  to  cables  will 
result  in  modifications  of  the  General  Toll  Switching  Plan,  resulting 
in  improvements  of  transmission  over  all  switched  connections  and  in 
economies  in  circuit  design  through  liberalizing  the  transmission 
requirements  for  certain  routes,  particularly  the  circuits  between  toll 
centers  and  primary  outlets. 

The  General  Toll  Switching  Plan  is  an  important  instrument  in 
systematizing  plans  for  the  design  of  plant  extensions,  for  the  applica- 
tion of  technical  and  operating  improvements,  and  for  realizing  in  fact 
the  ideal  of  universal  service  between  any  two  telephones  in  the 
country. 

The  Joint  Occupancy  Of  Plant 

The  Bell  System  organizations  involved  directly  in  the  giving  of 
telephone  service  include  regional  companies  (known  as  the  Associate 
Companies),  operating  in  various  areas  throughout  the  United  States, 
who  are  responsible  for  the  exchange  service  and  for  toll  service  within 
their  areas,*  and  the  American  Telephone  and  Telegraph  Company, 
responsible  for  the  long  distance  toll  service  between  points  in  the 
areas  of  different  regional  companies. 

As  a  result,  it  is  a  common  situation  to  have  inter-area  toll  plant 
of  one  company  terminating  in  towns  and  cities  where  the  exchange 
plant  is  ow'ned  and  operated  by  another  company,  and  sometimes 
extending  for  considerable  distances  along  the  same  general  routes  as 
the  intra-area  toll  plant  of  that  company.     In  a  great  many  cases 

*  There  are  a  few  companies  in  which  certain  interstate  items  of  traffic  within  the 
company  area  are  handled  by  the  American  Telephone  and  Telegraph  Company. 
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there  are  economic  and  service  advantages  in  the  consoHdated  con- 
struction of  plant  used  b\-  the  two  companies  involved  and,  for  such 
situations,  this  is  the  common  practice.  This  involves  the  joint  use 
of  land,  buildings,  right  of  way,  pole  lines,  conduits,  etc. 

The  economic  advantages  of  such  joint  use  of  plant  are  obvious. 
For  example,  one  duct  run  with  a  sufticient  number  of  ducts  for  both 
companies  can  be  built  more  cheaply  than  two  separate  duct  runs,  and 
the  same  is  true  of  pole  lines.  When  toll  cable  is  installed,  it  is  an 
economy,  when  practicable,  to  place  within  one  sheath  sufficient 
circuits  to  take  care  of  the  requirements  of  both  companies.  The 
same  is  true  for  other  parts  of  the  telephone  plant.  Furthermore, 
there  are  advantages  in  having  the  toll  switchboard  in  a  building  used 
for  exchange  service  and  often  in  having  inter-area  and  intra-area  toll 
circuits  terminate  at  the  same  switchboards  and  use  the  same  groups 
of  trunk  to  the  local  exchange  plant. 

Other  things  being  equal,  there  is  an  advantage  in  each  company 
owning  the  plant  required  for  its  service,  and  this  is  the  basis  generally 
followed.  This  leads  to  a  large  extent  to  the  joint  o\\nership  of 
jointly  used  plant,  particularly  of  outside  plant.  This  includes  joint 
conduit  runs,  joint  pole  lines,  and  jointly  owned  toll  cables. 

In  some  cases,  rather  than  joint  ownership  of  jointly  used  plant, 
there  are  advantages  in  a  single  ownership  by  one  of  the  companies, 
generally  the  company  having  the  largest  requirements,  which  leases 
some  of  the  plant  to  the  other  company.  This  applies,  for  example, 
to  land  and  buildings  where,  because  of  the  greater  ease  and  simplicity 
of  transactions  of  various  sorts,  a  single  ownership  is  preferable  .  This 
is  also  often  true  where  the  requirements  of  one  company  are  small  or 
where,  as  a  result  of  growth,  the  division  of  ownership  of  jointly  oc- 
cupied plant  no  longer  corresponds  exactly  to  the  relative  needs  of 
the  two  companies  for  the  use  of  the  plant.  It  applies  also  to  the 
temporary  use  by  one  company  of  spare  plant  owned  by  another 
which  will  later  be  required  for  the  owner's  use. 

Rental  Arrangements 

To  meet  the  varying  conditions,  two  general  bases  of  rental  are  in 
use:  (1)  the  "reserved  plant"  basis,  and  (2)  the  "spare  plant"  basis. 

On  the  reserved  plant  basis,  rentals  cover  plant  designed  and 
constructed  by  the  owning  company  for  joint  use  with  the  renting 
company  or  for  the  sole  use  of  the  renting  company  under  a  specific 
plan  mutually  agreed  upon,  usually  in  advance  of  construction. 
Existing  plant  may  also  be  put  on  a  reserved  basis  by  specific  agree- 
ment.    The  plant  reserved  for  the  lessee  provides  not  only  for  its 
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present  needs,  but  usually  for  growth  as  well.  A  liood  example  of 
this  type  of  arrangement  is  a  jointly  occupied  building  which  is  de- 
signed to  meet  the  present  and  expected  future  requirements  of  both 
companies  and  in  which  certain  designated  space  is  reserved  for  the 
lessee  company. 

The  spare  plant  basis  applies  to  plant  which,  in  general,  the  owning 
company  has  provided  for  its  own  use  in  anticipation  of  its  own  future 
requirements,  or  to  plant  which  is  spare  because  of  fluctuating  load 
demands  and  can  be  temporarily  placed  at  the  disposal  of  the  renting 
company.  Such  plant  may  be  released  by  the  lessee  at  any  time  or 
may  be  taken  back  by  the  lessor  company  at  any  time  upon  reasonable 
notice  to  the  other  company. 

Illustrations  of  both  these  bases  of  rental  where  the  American 
Telephone  and  Telegraph  Company  and  an  Associate  Company  are 
involved  are  given  below. 

(a)  Buildings 

In  providing  building  space,  it  is  the  general  practice  for  one  company  to 
own  the  building  used  jointly  by  both  companies.  This  arrangement  is 
advantageous,  particular!}'  in  the  larger  cities,  since  it  permits  one  com- 
pany to  deal  with  taxing  authorities,  zoning  commissions,  public  works 
authorities,  and  the  public  generally.  Where  space  for  a  local  central 
office  is  required,  it  is  the  general  practice  for  the  Associate  Company  to 
own  the  building.  The  American  Telephone  Companx's  ownership  in 
buildings  is  accordingly  largely  confined  to  intermediate  repeater  stations. 
The  owning  company  generally  furnishes  space  to  the  other  conipan\'  on 
a  reserved  plant  basis. 

(&)  Equipment 

In  the  case  of  toll  equipment,  one  of  several  arrangements  is  followed,  de- 
pending in  part  upon  local  conditions,  such  as  local  operating  or  main- 
tenance conditions,  and  in  part  upon  the  relative  amount  of  equipment 
required  by  the  two  companies  involved.  In  some  cases  where  one  com- 
pany requires  a  relatively  large  part  of  the  total  equipment  used,  that 
company  owns  all  equipment  and  furnishes  equipment  for  the  other 
company's  needs  on  a  reserved  rental  basis.  Thus,  on  some  of  the  long 
through  routes  where  the  American  Telephone  and  Telegraph  Company 
uses  the  majority  of  the  equipment  in  the  intermediate  repeater  stations, 
it  owns  all  equipment  and  rents  such  portion  as  required  to  meet  the 
other  company's  needs  on  a  reserved  rental  basis.  In  many  other  cases 
where  both  the  American  Telephone  and  Telegraph  Company  and  the 
Associate  Company  have  considerable  toll  equipment  requirements  and 
these  can  best  be  provided  in  joint  installation,  each  company  will  own 
the  ecjuipment  provided  for  its  use.  If  there  is  any  sudden  peak  in  the 
equipment  requirements  of  one  company,  the  other  company  will  usualK' 
temporarily  furnish  spare  equipment  from  its  own  reservation  on  a  rental 
basis  to  aid  in  meeting  the  peak  demands. 
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(c)  Outside  Plant 

Where  both  companies'  use  is  substantial,  arrangements  are  usually  made 
for  the  joint  ownershi])  of  the  common  items  of  plant.  In  underground 
conduit,  the  ownership  is  usually  divided  on  the  basis  of  number  of  ducts 
required  by  each  company,  except  that  if  one  company's  reciuirements 
are  less  than  one-half  of  one  duct  (occupied  by  a  joint !>■  owned  cable), 
it  is  customary  for  that  company  to  rent  duct  space  from  the  other  com- 
pany. Open-wire  pole  lines  are  generally  jointly  owned  where  each 
company  has  a  requirement  of  one  crossarm  or  more,  the  cost  of  the 
pole  line  being  divided  in  proportion  to  the  numbers  of  crossarms  required 
by  each  company.  In  cases  where  the  requirements  of  one  company  are 
minor,  it  may  lease  space  from  the  other  company  on  an  attachment 
rental  basis,  using  a  reciprocal  rental  rate  for  the  use  of  the  supporting 
structure  which  reflects  the  average  carrying  charges  on  both  line  and  right 
of  way.  In  the  case  of  toll  cables,  the  ownership  of  certain  wires  in  the 
cable  is  generally  held  by  each  company,  the  cost  of  the  cable  being 
divided  in  proportion  to  the  copper  cross-section  of  the  wires  owned  by 
each  of  the  companies. 
In  the  open-wire  plant,  each  pair  or  phantom  group  is  generally  owned  by  one 
company  and  located  in  the  crossarm  space  reserved  on  the  pole  line  for 
that  company. 

Emergency  situations  arise  from  time  to  time  in  which  service  may 
be  restored  most  quickly  by  a  temporary  use  of  spare  faciHties  of  the 
other  company  or  by  a  temporary  pooHng  of  the  circuits  of  both 
companies  which  remain  in  service  and  applying  them  most  equitably 
to  the  service  demands  of  both  companies.  The  work  of  restoring 
service  in  such  cases  is  handled  without  the  execution  of  any  formal 
agreements  between  the  companies  involved,  and  such  adjustments  as 
are  necessary  are  worked  out  later. 

Joint  Maintenance  Arrangements 

The  joint  maintenance  arrangements  are  based  on  the  principle  of 
providing  the  most  economical  procedure  in  each  case.  This  results, 
generally  speaking,  in  the  maintenance  by  employee?  of  one  company 
of  all  jointly  occupied  outside  plant  on  a  single  route.  It  is  obviously 
economical,  for  example,  to  have  such  an  arrangement  for  the  main- 
tenance of  pole  lines,  conduit,  and  cables  which  are  jointly  owned  by 
the  two  companies. 

In  the  case  of  central  office  equipment,  it  is  generally  desirable  in 
large  cities  where  a  large  amount  of  equipment  is  owned  by  each 
company  to  have  separate  maintenance  staffs,  particularly  for  the 
service  maintenance  work  performed  by  the  toll  test  room  forces.  At 
smaller  points,  a  single  maintenance  force  is  generally  provided  by  the 
company  having  the  greater  amount  of  work. 
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The  division  of  maintenance  costs  between  the  two  companies  is 
based  upon  the  same  principles  of  equitable  allocation  as  applied  to  the 
division  of  ownership  and  to  rental  charges.  For  example,  the  cost 
of  maintaining  toll  cables  is  divided  between  the  companies  in  pro- 
portion to  their  ownership  interest  in  the  cable.  Another  example  is 
the  cost  of  pole  replacement,  which  is  one  of  the  large  items  of  pole 
line  costs.  Replacements  are  made  upon  the  basis  of  periodic  in- 
spections of  the  pole  line,  the  first  inspection  being  made  about  ten 
years  after  the  new  line  is  built  and  subsequent  inspections  approxi- 
mately every  four  years.  These  inspections  determine  the  poles 
which  are  in  such  deteriorated  condition  as  to  require  replacement. 
Where  the  replacements  consist  of  substituting  the  same  size  of  pole 
for  the  existing  pole,  the  charges  are  borne  by  the  companies  concerned 
on  the  basis  of  their  assignments  on  the  old  pole. 

General 

The  above  indicates  briefly  the  types  of  arrangements  for  the  usual 
case.  No  attempt  has  been  made,  however,  to  indicate  all  of  the 
variations  in  the?e  arrangements  applying  to  the  extensive  plant  of 
the  Bell  System  covering  the  entire  country  and  sometimes  requiring 
modifications  of  these  arrangements  or  some  other  special  provisions. 
However,  the  general  principle  outlined  above  is  followed,  namely, 
that  of  providing  the  most  economical  overall  result  with  an  equitable 
division  of  costs  and  responsibility  between  the  companies  involved  in 
each  case. 

Standardization 

The  electrical  design  of  telephone  toll  circuits  is  necessarily  com- 
plicated, as  the  overall  electrical  characteristics  on  which  the  efificiency 
of  the  circuits  depends  are  the  result  of  the  composite  effect  of  many 
different  electrical  phenomena.  Also,  the  overall  characteristics  of  a 
toll  circuit  are  the  composite  resultant  of  the  characteristics  of  a  large 
number  of  individual  pieces  of  apparatus  and  sections  of  circuit.  The 
construction  of  the  plant  at  such  times  and  in  such  quantities  as  to 
produce  most  economic  results  involves  many  considerations.  In 
many  cases,  as  for  example,  in  the  construction  of  pole  lines  and  of 
toll  cables,  it  is  necessary  for  greatest  economy  to  provide  plant  to 
meet  the  estimated  requirements  for  a  considerable  period  ahead. 
Furthermore,  the  maintenance  of  this  plant  at  a  higher  degree  of 
efficiency  and  its  operation  to  connect  together  quickly  and  accurately 
any  two  of  the  fourteen  million  telephones  in  the  Bell  System  involve 
a  good  deal  of  complication  in  routines  and  procedures.     In  view  of 

69 


these  considerations,  the  telephone  toll  plant  and  service  offer  very- 
good  examples  of  the  advantages  of  standardization  in  plant  and  in 
operating  methods. 

The  complexity  of  the  toll  plant  and  the  number  of  types  of  appa- 
ratus and  material  which  would  be  required  would  be  greatly  multiplied 
if  it  were  not  for  the  high  degree  of  standardization  in  the  Bell  System 
telephone  plant.  In  fact,  it  is  not  an  exaggeration  to  say  that  the 
telephone  toll  service  of  today  could  not  be  given  had  not  effective 
steps  been  taken  from  the  beginning  looking  to  this  high  degree  of 
standardization  and  simplification. 

Plant  Design 

It  is  evident  that  if  each  toll  circuit  were  designed  individually  to 
meet  exactly  the  requirements  for  that  circuit  as  regards  efficiency  for 
good  transmission  and  other  requirements,  the  result  would  be,  in 
general,  that  each  small  group  of  toll  circuits  between  two  points 
would  differ  in  electrical  design  from  every  other  group  of  toll  circuits 
between  any  other  two  points.  This  would  result  in  many  thousands 
of  different  kinds  of  toll  facilities,  each  designed  for  a  specific  use  only, 
and  would  result  in  endless  confusion  and  lack  of  practicability.  How- 
ever, the  standardization  of  the  apparatus  and  materials  forming  the 
toll  telephone  plant  has  been  carried  on  since  the  beginning  of  toll 
service  and  has  resulted  in  a  simplification  of  practice  and  the  general 
use  of  the  same  types  of  apparatus  and  material  throughout  the 
country.  For  example,  there  has  been  a  high  degree  of  standardiza- 
tion of  the  sizes  of  copper  wire  used  for  open-wire  telephone  conductors. 
A  very  large  percentage  of  the  wire  used  in  the  plant  for  this  purpose 
is  made  up  of  three  sizes,  respectively,  104,  128,  and  168  mils  in 
diameter.  In  toll  cables,  practically  all  conductors  are  made  up 
entirely  of  two  gauges,  16  and  19  B  &  S  gauge.  With  few  exceptions, 
repeaters  for  telephone  message  circuits  are  of  either  one  of  two  basic 
types,  one  for  two-wire  circuits  and  one  for  four-wire  circuits,  with 
such  modifications  in  balancing  arrangements,  signaling  arrangements, 
etc.,  as  are  necessary  to  adapt  them  to  the  different  types  of  circuit. 
Carrier  systems  are  one  of  two  general  types,  a  three-channel  system 
for  long  distances  and  a  single-channel  system  for  shorter  distances, 
although  additional  types  of  system  for  other  types  of  circuit  condition 
are  now  under  development.  In  the  design  of  any  given  circuit, 
choice  is  made  from  this  limited  number  of  types  of  facilities,  selecting 
the  one  which  will  give  not  less  than  the  required  transmission  efficiency 
in  the  given  case  with  maximum  economy  and  other  advantages.  This 
procedure  results  in  great  advantages  in  simplicity  of  plant  design  and 
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in  the  He\ibi!it>^  A\ith  N\hich  sections  of  toll  eireuit  can  he  transferred 
from  one  use  to  another  as  occasion  requires. 

Construitio)!,  Maintenance,  an'!  Operation 

The  advantages  of  standardization  apply  to  the  operating  field  as 
well  as  to  the  engineering  design.  Standard  construction  practices 
are  based  upon  the  use  of  standard  types  of  construction  material  all 
over  the  country.  This  standardization  of  materials  makes  it  possible 
for  the  purchasing  organization  to  buy  large  quantities  of  a  relatively 
small  number  of  types  of  material  with  a  resulting  saving  in  cost. 
Also,  the  standard  construction  practices  facilitate  the  training  of  men 
and  the  transfer  of  men  from  one  part  of  the  System  to  another  wnth 
shifting  needs. 

Similar  advantages  result  from  the  standardization  of  maintenance 
practices.  The  Bell  System  maintenance  practices  make  use  of  the 
maintenance  experiences  of  the  operating  companies  and  of  general 
investigations  of  the  relative  advantages  of  different  practices  and 
methods.  These  practices  are  generally  used  throughout  the  country 
with  advantages  from  the  standpoints  both  of  economy  and  of  service. 
Men  at  widely  separated  points  and  sometimes  employed  by  different 
companies  can  cooperate  closely  in  the  maintenance  of  telephone 
circuits  which  have  been  or  may  be  connected  together  in  the  toll 
service.  Also,  at  times  of  emergency,  men  and  materials  from  various 
parts  of  the  country,  wherever  available,  may  be  concentrated  on  the 
emergency  job,  and  the  men,  applying  standard  jnethods  to  standard 
materials  with  which  they  are  familiar,  can  work  most  effectively  in 
the  quick  restoration  of  service. 

It  is  perhaps  in  considering  tratitic  operation  practices  that  the 
advantages  and,  indeed,  the  necessity  of  standardization  in  relation 
to  operation  is  most  evident.  The  toll  operators  must  constantly 
deal  with  other  operators  in  distant  cities,  and  it  is  obviously  essential 
that  the  operating  practices  should  be  alike  in  order  to  avoid  extreme 
difificulties  and  reaction  on  the  speed  and  quality  of  service.  The 
standard  Bell  System  operating  practices  provide  in  detail  the  standard 
procedures  to  be  followed  by  operators  in  handling  the  various  types 
of  toll  call  and,  in  general,  specify  also  the  phraseology  to  be  used  by 
operators  with  a  view  to  insuring  maximum  accuracy,  clearness,  and 
convenience  to  subscribers. 

General 

While,  as  pointed  out  in  the  above  paragraphs,  standardization  in 
the  Bell  System  is  a  means  of  obtaining  economy  and  efificiency,  it 
is  more  than  that.     It  is  essential  to  the  best  service  and  the  most  rapid 
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progress.  The  conditions  bearing  on  the  telephone  toll  j^lant  and  toll 
service  are  constantly  changing  through  growth,  shifting  demands,  the 
development  of  new  needs  of  customers  for  telephone  service.  Also, 
the  best  means  and  methods  available  for  giving  service  are  constantly 
developing  as  a  result  of  the  experience  of  the  various  operating 
companies  and  through  the  development  of  new  instrumentalities  and 
operating  methods  by  the  headcjuarters  forces  of  the  Bell  S>'stem. 
These  types  of  apparatus  and  of  communication  systems,  and  methods 
and  practices  for  construction,  maintenance  or  operation  represent  the 
outcome  of  careful  consideration  of  the  best  way  to  meet  a  t>pe  of 
situation.  Through  the  headquarters  organization  their  availability 
is  made  known  at  once  to  the  operating  telephone  companies  of  the 
Bell  System  throughout  the  country  with  information  regarding  their 
desirable  fi^d  of  use.  This  greatly  facilitates  their  adoption  and 
application  by  these  Companies. 

In  some  cases,  such  new  standards  present  means  for  doing  something 
which  could  not  be  done  before.  In  many  cases,  such  new  standards 
replace  existing  standards  due  to  advances  in  the  art,  improvements 
in  methods  or  technique,  or  changes  in  operating  requirements. 
Standardization  in  the  Bell  System,  therefore,  involves  a  continuous 
procession  of  new  standards  to  meet  new  conditions  or  to  meet  old 
conditions  better  than  was  heretofore  possible,  and  the  subsequent 
dropping  of  old  standards.  Such  standardization  is  based  not  only 
upon  the  present  needs  of  the  telephone  system,  but  also  upon  the 
best  picture  which  can  be  formed  of  future  trends.  It  is  essential  to 
the  rapid  and  satisfactory  development  of  telephone  toll  service. 
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Microchemical  and  Special  Methods  of  Analysis 
in  Communication  Research 

By  BEVERLY  L.  CLARKE  and  H.  W.  HERMANCE 

Analysis  was  beginning:  to  take  its  place  as  an  important  branch  of  chem- 
istry when,  in  1828,  Wohler  synthesized  urea  and  the  Age  of  Synthetic 
Organic  Chemistry  was  born,  destined  to  overshadow  analysis  for  nearly 
a  century.  When  interest  in  synthesis  began  to  diminish,  in  the  late  1800's, 
physical  chemistry  arose  to  intrigue  the  chemical  mind.  The  analyst,  thus 
neglected,  had  to  work  with  apparatus,  techniques  and  viewpoints  evolved 
for  other  chemical  purposes.  In  1910  the  Austrian  Pregl  found  it  necessary 
to  analyze  a  sample  too  small  for  the  then  available  technique  to  handle. 
His  solution  was  the  invention  of  a  new  kind  of  analysis — microanalysis,  the 
essential  features  of  which  are:  reduction  of  apparatus  size  and  of  scale  of 
operations  to  a  point  commensurate  with  sample  size;  development  of  en- 
tirely new  techniques,  apparatus  and  chemical  reactions  specially  suited  to 
analysis;  and  inculcation  in  the  mind  of  the  analyst  of  the  attitude  that 
analytical  problems  are,  in  greater  or  less  degree,  research  problems,  and  are 
to  be  approached  as  such,  with  a  mind  entirely  unrestricted  by  chemical 
classicism.  This  article  discusses  the  applications  made  by  the  Bell 
Telephone  Laboratories  of  microanalytical  and  related  special  technicjues  to 
communication  research  and  engineering. 

THE  beginnings  of  chemistry  are  lost  in  antiquity.  The  basic 
entities  of  the  early  natural  philosophers,  earth,  air,  fire  and 
water,  gradually  gave  way  to  the  more  numerous  and  fundamental 
entities,  the  elements.  In  the  Middle  Ages  the  alchemists  concen- 
trated their  talents  on  an  unsuccessful  attempt  to  change  base  metals 
into  gold.  Although  these  men  were,  wath  several  notable  exceptions, 
charlatans  and  fakers,  they  did  focus  attention  on  matter  and  its 
objective  properties.  As  early  as  the  5th  century,  B.C.,  Thales  of 
Miletus  proposed  an  atomic  theory;  but  it  was  John  Dalton  who 
twenty-three  centuries  later  formulated  the  modern  Atomic  Theory 
which  is  the  foundation-stone  of  chemistry. 

In  the  intellectual  gropings  of  man,  atoms  and  molecules,  in  due 
course  of  time,  became  concepts  that  explained  many  phenomena. 
During  all  these  years  there  has  been  a  search  for  the  single  entity  of 
which  all  matter  was  made.  Front's  hypothesis  of  the  early  19th 
century  named  hydrogen  as  this  single  elemental  substance.  By  the 
end  of  the  19th  century  and  the  beginning  of  the  20th  the  one  element 
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became  charges  of  electricity,  positive  and  negative.  Today  they  are 
the  electron  and  the  positron.  Out  of  all  the  earlier  concepts  slowly 
arose  the  basic  idea  of  chemistry,  that  the  substantial  and  ponderable 
part  of  the  world,  matter,  composed  of  solids,  liquids  and  gases,  is 
susceptible  to  controlled  transformation. 

The  devising  of  tests  by  which  various  kinds  of  matter  could  be 
recognized  was  one  of  the  early  accomplishments  of  the  chemist. 
Many  such  tests  were  used  by  the  ancients.  It  was  left  for  Robert 
Boyle  (17th  century),  famous  for  his  Gas  Law,  to  conceive  identifica- 
tion tests  as  an  important  branch  of  chemistry.  Boyle  was  the  first 
to  use  the  expression  "chemical  analysis."  Lavoisier,  of  French 
Revolution  era,  is  credited  with  having  brought  about  a  chemical 
revolution,  one  result  of  which  was  "quantitative  analysis" — methods 
for  determining  quantitatively  the  composition  of  materials.  The 
Swede  Berzelius,  working  early  in  the  19th  century,  analyzed  with 
prodigious  industry  hundreds  of  compounds,  thus  laying  the  foundation 
for  the  quantitative  data  of  chemistry.  In  the  middle  1800's  the 
Belgian  chemist  Stas  repeated  and  extended  Berzelius'  work,  develop- 
ing methods  and  techniques  of  much  greater  accuracy. 

With  the  impetus  given  to  it  by  Stas'  work  analytical  chemistry 
might  have  been  expected  to  hold  the  center  of  the  chemical  stage 
during  the  19th  century.  But  in  1828  the  German  Wohler  synthesized 
the  substance  urea  from  laboratory  chemicals.  Urea  belonged  to  the 
vast  class  of  compounds  produced  by  vital  processes,  and  chemists 
accepted  the  dogma  that  these  organic  compounds  could  not  be  other- 
wise produced.  Wohler's  synthesis  disproved  that  dogma,  and  the 
great  Age  of  Synthetic  Organic  Chemistry  began,  destined  to  occupy 
chemists'  minds  for  about  a  century. 

Since  little  attention  had  been  given  to  analytical  chemistry  during 
these  years,  it  became  the  step-child  of  the  science,  useful  but  not 
particularly  creative.  The  natural  result  was  that  it  became  a  stag- 
nant, static  science.  It  had  no  special  apparatus  of  its  own,  but  had 
to  be  content  with  the  instrumentalities  designed  for  other  purposes. 
Similarly,  no  one  had  made  any  special  search  for  chemical  reactions 
particularly  adapted  to  analysis.  Interest  in  synthesis  had  also  begun 
to  wane.  Then  physical  chemistry  burst  forth  to  open  up  new  vistas 
for  the  science. 

This  continued,  essentially,  until  1910.  In  the  University  of  Graz, 
Austria-Hungary,  the  biochemist  Pregl  labored  for  years  on  a  research. 
Finally  he  reached  a  crucial  stage  of  the  work.  Before  him  were  a 
few  small  resultant  crystals,  whose  composition  it  was  necessary  to 
know   before   further   progress  was   possible.     His  analyst   told   him 
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that  the  sample  was  far  too  small  to  analyze.  So  Pregl  faced  a  clean- 
cut  dilemma:  either  he  must  start  all  over  again  on  his  research,  work 
for  years  more  on  a  larger  scale,  in  order  to  prepare  a  larger  sample, 
or  some  way  must  be  discovered  to  analyze  the  small  sample  in  hand. 
Pregl  chose  the  latter  alternati\e,  and  in  so  doing  initiated  an  era  of 
development  in  chemical  anaUsis  that  has  not  even  yet  reached  its 
zenith,  namely  microchemistr\'. 

Pregl  worked  in  organic  chemistry.  Simultaneously  another 
Austrian,  Emich,  approached  inorganic  analysis  from  the  new  point 
of  view.  In  this  country  Chamot,  at  Cornell,  concentrated  on  chemical 
microscopy.  These  three,  Pregl,  Emich,  and  Chamot,  are  properly 
credited  with  the  invention  of  what  has  come  to  be  called  micro- 
analysis; but  their  many  students  and  co-workers,  as  well  as  scores  of 
independent  investigators,  did  and  are  doing  much  brilliant  work  in 
the  shaping  of  the  science  to  the  practical  needs  of  industry  and 
research. 

The  basic  idea  of  microanalysis  is  the  reduction  in  size  of  analytical 
apparatus  to  suit  small  samples.  This  has  shown  the  necessity  of 
devising  many  entirely  new  methods  for  carrying  out  common  labora- 
tory operations.  Many  new  chemical  reactions  have  been  discovered, 
on  specific  search,  that  have  special  usefulness  in  analysis. 

The  Microanalytical  Laboratory  at  Bell  Telephone  Laboratories 
has  been  established  for  about  seven  years.  The  peculiar  nature  of 
many  problems  arising  in  communication  research  and  engineering 
has  made  necessary  the  development  of  many  new  techniques  and 
types  of  apparatus.  It  can  be  said,  in  fact,  that  this  laboratory 
employs  a  special  kind  of  microanalysis,  constituting,  for  the  most 
part,  an  original  contribution  to  the  science  of  analysis. 

Analysis  consists  in  transforming  an  unknown  material  into  one  or 
more  recognizable  substances.  These  products  may  then  be  suitably 
separated  and  purified  and  their  quantities  measured.  Thus  weighing, 
measurement  of  volume,  solution,  filtration,  washing,  evaporation, 
drying,  ignition,  distillation,  etc.,  are  familiar  operations  in  analysis. 

The  techniques  and  apparatus  formerly  used  for  these  operations, 
while  suitable  for  the  other  chemical  purposes  for  which  they  w^ere 
designed,  were  in  general  ill-adapted  to  analysis.  Apparatus  was 
designed  for  general  utility  and  manual  convenience;  that  is,  to  fit 
the  worker's  hand  rather  than  the  sample.  A  chemist  of  the  last 
century  would  not  have  thought  of  using  a  1000  cc.  beaker  to  contain 
50  cc.  of  liquid;  he  would  have  selected  a  100  cc.  vessel.  But  if  an 
analyst  had  only  0.1  cc.  of  sample  he  could  find  on  the  shelf  no  vessel 
of  commensurate  size. 
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Suppose,  for  example,  it  is  desired  to  determine  traces  of  heavy 
metals  such  as  copper  and  nickel,  in  a  certain  plant  ash.  Because  of 
the  disproportionality  between  the  quantities  of  the  elements  sought 
and  the  size  of  the  apparatus,  the  errors  introduced  are  large  when 
ordinary  methods  are  employed.  Mechanical  losses  incurred  in  the 
many  manipulations  and  transfers  of  material,  over-dilution  with 
resulting  incomplete  precipitation,  contamination  both  by  dust  and 
by  substances  dissolved  from  the  glass  are  almost  unavoidable.  Since 
the  heavy  metals  represent  only  a  few  hundredths  of  a  per  cent  of  the 
ash,  it  is  obvious  that  a  large  sample,  perhaps  twenty-five  grams,  is 


Fig.  1 — A  corner  of  the  microanalytical  laboratory. 

required,  if  an  ordinary  balance  sensitive  to  0.1  mg.  is  used.  It  would 
therefore  be  necessary  to  start  with  a  kilogram  or  more  of  the  fresh 
plant  to  obtain  results  which  are  sufficiently  precise. 

Other  disadvantages  of  the  usual  scale  of  operations  are  great  time 
consumption,  explosion  hazards,  and  costliness  of  chemicals  and 
apparatus.  On  a  greatly  reduced  scale,  these  difficulties  frequently 
tend  to  vanish.  For  example,  the  precipitation  of  the  sulphides  of 
hea\y  metals  is  ordinarily  avoided  wherever  possible  in  quantitative 
analysis.  This  is  because  they  are  slimy  and  difficult  to  filter  as 
ordinarily  precipitated  with  hydrogen  sulphide.  To  filter  and  com- 
pletely wash  a  gram  of  lead  sulphide  might  be  a  matter  of  several 
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hours  and  there  is  great  danger  that  the  precipitate  will  occlude  other 
constituents  of  the  solution.  The  long  exposure  on  the  filter  increases 
the  danger  of  oxidizing  the  precipitate.  On  the  other  hand,  a  few 
milligrams  of  lead  sulphide  can  be  precipitated  in  a  sealed  tube  by  a 
process  which  produces  hydrogen  sulphide  up  to  a  pressure  of  ten 
atmospheres,  yet  at  very  little  risk  of  explosion.  The  resulting  pre- 
cipitate is  granular,  can  be  filtered  in  one  or  two  minutes  and  its 
tendency  to  occlude  other  metals  is  much  smaller. 

Until  recently,  the  most  important  industrial  applications  of 
analysis  were  the  evaluation  of  raw  and  finished  products  and  the 
control  of  manufacturing  processes,  neither  of  which  often  demanded 
special  technique.  With  the  growing  technical  trend  in  commercial 
production,  however,  the  analyst  is  being  called  upon  to  provide  new 
services.  Industrial  research  must  be  guided  by  frequent  analyses, 
both  to  determine  the  nature  of  newly  formed  products  and  to  gain 
knowledge  of  the  mechanisms  of  particular  processes.  The  great 
diversity  of  materials,  natural  and  synthetic,  and  the  intricate  and 
often  delicate  mechanisms  embodied  in  devices  of  modern  manu- 
facture, have  enormously  enlarged  the  problem  of  tracing  the  causes 
of  failure  both  in  the  finished  product  and  in  the  processes  entering 
into  its  production.  Trouble  often  arises  from  obscure  defects  in 
materials,  the  nature  of  which  must  be  discovered  by  analytical 
studies.  Impurities,  minute  foreign  inclusions,  corrosion  and  tarnish 
films,  chemical  changes  occurring  with  aging  or  produced  as  an 
inherent  result  of  the  particular  combination  of  materials  used,  may 
contribute. 

To  make  effective  use  of  chemical  analysis  either  as  an  industrial 
research  tool  or  as  a  means  of  diagnosing  manufacturing  and  mainte- 
nance difficulties,  the  necessity  of  improving  the  technique  is  beginning 
to  be  recognized  here  as  in  other  fields.  Great  flexibility  is  needed  to 
fit  the  operations  to  highly  specific  problems.  Ability  to  handle  and 
observe  small  quantities  is  frequently  necessary  because  of  the  minute- 
ness of  the  phenomena  in  question.  Rapidity  is  often  essential 
because  of  the  possibility  of  tying  up  production,  pending  solution  of 
the  difficulty. 

Realization  of  conventional  limitations  has  stimulated  the  search 
for  new  methods  of  approach  by  which  the  refinement  and  extension 
of  analytical  technique  might  be  accomplished  to  fulfill  the  special 
needs  of  both  science  and  industry.  An  outstanding  result  has  been 
the  development  in  the  analyst  of  a  new  mental  attitude.  He  seeks 
to  attain  his  goal  first  by  reducing  the  scale  of  operations  to  a  degree 
consistent  with  the  small  quantities  of  material  frequently  handled; 
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second,  by  augmenting  his  ability  to  make  observations  through  the 
use  of  adequate  instruments;  and  third,  by  employing  specific  and 
highly  sensitive  reactions  as  well  as  conversion  products  of  high 
molecular  weight. 

Micromethods  serve  the  obvious  purpose  of  analyzing  minute 
amounts  of  material,  thereby  providing  information  otherwise  unob- 
tainable. Actual  experience  at  Bell  Laboratories,  however,  has  shown 
that  the  reduction  in  magnitude  of  operations  frequently  permits 
analyses  to  be  carried  out  with  greater  rapidity  and  more  certain 
results  even  when  the  quantity  of  sample  available  is  not  a  considera- 


J'ig.  2 — General  view  of  hood  in  the  microanahtical  laboratory,  giving  some  idea  of 
the  relative  size  of  glassware  and  other  equipment  used. 

tion.  The  construction  of  apparatus,  when  more  intricate  set-ups  are 
necessary,  is  far  easier  and  more  economical  on  a  small  scale  and  the 
breakage  is  less.  Reactions  run  their  courses  more  quickly  and  are 
more  easily  controlled.  Reagents  may  be  used  whose  costliness  would 
be  prohibitive  on  a  larger  scale.  These  advantages,  added  to  the 
capacity  to  make  minute  observations,  provide  a  technique  of  great 
flexibility,  a  fact  repeatedly  demonstrated  by  successful  applications 
to  problems  arising  in  the  design,  manufacture  and  maintenance  of 
telephone  equipment. 

In    microqualitative   examinations,    an    effort    is   usually    made    to 
bring  the  unknown  material  into  solution  in  a  volume  not  exceeding  a 
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few  tenths  of  a  cul)ic  centimeter.  Idcntificatifjn  reactions  are  then 
carried  out  in  sint^Ie  small  ch(){)s  of  the  solution.  To  accomplish  this, 
a  numl)er  of  procedures  are  available.  One  which  is  very  j^eneraily 
applicable,  yielding  information  of  a  particularly  specific  and  positive 
character,  is  that  of  carrying  out  the  reaction  directly  under  the 
microscope.  By  this  means,  quantities  of  elements  ranging  between 
a  thousandth  and  a  few  hundredths  of  a  milligram  may  be  detected. 
The  drop  to  be  e.xamined  is  placed  on  a  glass  slide,  the  reagent  intro- 
duced from  a  capillary  pipette  and  the  progress  of  the  transformation 
watched  under  magnifications  of  between  fifty  and  three  hundred 
diameters. 

In  addition  to  revealing  the  presence  of  minute  amounts  of  reaction 
products  separating  from  the  solution,  the  use  of  the  microscope 
facilitates  study  of  the  individual  particles  composing  such  precipi- 
tates. A  number  of  properties  are  thereby  brought  into  analytical 
significance  which  might  not  otherwise  be  observed  or  utilized.  In 
ordinary  practice,  the  analyst  is  guided  in  his  conclusions  as  to  the 
presence  of  an  element  simply  by  the  bulk  formation  of  a  precipitate, 
specific  recognition  of  which  is  based  only  on  characteristics  readily 
apparent  to  the  unaided  eye,  such  as  color  and  gross  structure.  Under 
the  microscope,  however,  the  crystal  structure  and  similar  distinctive 
morphological  features,  color,  transparency,  index  of  refraction,  be- 
havior toward  polarized  light,  characteristics  of  growth  and  other 
specific  properties  may  all  be  studied  and  employed  to  give  greater 
certainty  to  the  identification.  Further,  it  is  frequently  possible  to 
identify  the  individual  components  of  a  mixed  precipitate,  thereby 
obviating  the  necessity  of  separation.  Thus,  the  double  salt  potassium 
mercuric  thiocyanate  gives  insoluble  compounds  with  a  large  number 
of  the  bivalent  metals.  To  apply  this  reagent  to  a  solution  containing 
several  metals  would  result  in  the  formation  of  a  precipitate  which  to 
the  unaided  eye  would  yield  very  little  specific  information.  Under 
the  microscope,  the  experienced  analyst,  in  a  single  observation,  can 
often  tell  from  the  known  habits  of  the  crystals  produced  by  various 
combinations  of  metals,  the  nature  of  the  mixture. 

Recognition  of  substances  is  not  always  confined  to  the  precipita- 
tion of  insoluble  reaction  products,  but  soluble  salts,  when  the  solu- 
tion is  carefully  evaporated,  sometimes  possess  sufficiently  distinctive 
morphology  to  permit  direct  identification.  In  this  way  minute 
amounts  of  sodium  chloride  have  been  detected  in  dust  deposits 
collected  near  the  sea-coast.  In  the  identification  of  traces  of  organic 
material,  valuable  information  is  frequently  obtained  from  microscopic 
studies  of  the  crystalline  deposits  produced  when   the  substance  is 
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sublimed  directly  on  the  slide.  CryslalloKraphic  constants  and  other 
optical  properties  as  well  as  the  melting  point  and  solubility  may  be 
readily  determined  on  the  sublimate  even  though  only  a  fraction  of  a 
milligram  is  available. 

Another  advantage  to  be  gained  by  reactions  carried  out  under  the 
microscope  is  that  of  performing  tests  in  situ.  In  practice,  it  is 
sometimes  difficult  to  isolate  physically  the  particles  of  material  to  be 
studied.  For  example,  it  may  be  desired  to  learn  something  of  the 
nature  of  a  tiny  inclusion  embedded  in  a  metal  or  a  thin  film  of  cor- 
rosion product  present  on  its  surface.  Here  again,  the  microscope  is 
of  great  service,  both  in  guiding  the  physical  manipulations  necessary 
to  restrict  the  action  of  the  reagents  to  a  localized  area  and  in  observing 
the  actual  identification  reaction  (usually  chosen  to  yield  an  intensely 
colored  product  or  bubbles  of  gas,  rather  than  a  precipitate). 

When,  instead  of  the  commonly  used  qualitative  reagents,  com- 
pounds are  employed  which  are  capable  of  more  specific  and  sensitive 
reactions  and  which  yield  intensely  colored  products  rather  than 
precipitates,  such  products  may  be  instantly  recognized,  even  in  a 
single  drop  of  solution.  Within  recent  years,  many  organic  com- 
pounds have  been  developed  for  this  purpose.  The  use  of  these,  and 
of  a  number  of  inorganic  compounds  giving  highly  characteristic  color 
reactions,  constitute  the  basis  for  a  new  technique  combining  rapidity, 
simplicity,  and  certainty  of  identification  without  the  use  of  the  micro- 
scope. The  drop  to  be  examined  is  placed  on  a  white  background  such 
as  a  porcelain  plate.  A  drop  of  the  reagent  is  added  and  the  color 
change,  which  may  involve  a  sequence  of  changing  shades,  is  observed. 
In  cases  where  turbidity  is  also  significant,  a  black  porcelain  plate  is  used. 
Because  of  the  highly  specific  nature  of  these  reagents,  it  is  often 
unnecessary  to  resort  to  a  preliminary  group  separation.  Because  of 
its  simplicity,  the  technique  is  particularly  useful  for  field  investi- 
gations. 

A  modification  of  the  drop  analysis  procedure  described  above 
consists  in  bringing  the  drop  under  examination  together  with  the 
reagent  onto  loose-textured  paper  such  as  filter  paper.  The  colored 
product  which  forms  is  adsorbed  on  the  fibers  of  the  paper  at  the  center 
of  the  drop,  while  the  solution  spreads  out  due  to  capillarity.  The 
capillary  action  of  the  paper  fibers  is  sometimes  utilized  to  de\ise 
rapid  separations,  thus  enabling  the  analyst  to  detect  two  or  more 
elements  simultaneously.  In  a  typical  case,  a  solution  contains 
copper  and  nickel.  A  drop  of  this  solution,  acidified  with  acetic  acid, 
is  brought  onto  the  paper  which  is  impregnated  with  hxdrorubeanic 
acid.     The  bluish-black  copper  compound  is  insoluble  and   therefore 
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forms  first,  near  the  tvnlcr  of  the  drop.  The  nickt-l  coinpoimd,  Ix-iiij,^ 
more  soluble,  does  not  form  until  the  solution  has  spread  out  to  a 
considerable  extent  and  most  of  the  acid  has  evaporated,  when  it  is 
visible  as  a  violet  zone  near  the  periphery  of  the  drop. 

Papers  which  have  been  impregnated  with  specific  reagents  and 
preserved  in  the  dry  condition  are  extremely  useful  both  in  the  lal)ora- 
tory  and  the  field.  In  the  analysis  of  gaseous  substances  or  materials 
readily  volatilized,  these  dry  test  papers  have  been  very  satisfactory. 
Arsine,  stibine,  hydrogen  sulphide,  sulphur  dioxide,  hydrocyanic  acid 
and  other  objectionable  gases  present  in  minute  quantities  in  the 
atmosphere,  may  be  detected  and  their  approximate  concentrations 
determined  by  passing  a  stream  of  the  air  through  the  fibers  of  a 
suitable  test  paper. 

In  order  to  obtain  solutions  to  which  identification  tests  may  be 
applied,  some  preparatory  chemical  treatment  is  necessary.  The 
initial  solution  and  concentration  of  the  sample,  its  recovery  from 
inert  material  as  well  as  its  separation  into  convenient  analytical 
groups  require  laboratory  operations  capable  of  dealing  with  a  few- 
drops  of  liquid  and  often  with  a  fraction  of  a  milligram  of  solid. 
A  variety  of  types  of  apparatus  and  special  processes  have  been 
developed  to  facilitate  these  operations.  In  a  few  cases,  reduction 
in  size  has  alone  sufficed;  more  often  such  reduction,  with  retention 
of  the  original  form  of  the  apparatus,  results  unsatisfactorily  and  new 
principles  must  therefore  be  followed  in  the  microdesign. 

For  example,  it  is  obvious  that  the  usual  folded  paper  cone  cannot 
be  satisfactorily  reduced  in  size  to  permit  the  removal  and  recovery 
of  suspended  matter  from  a  few  drops  of  liquid.  Microfiltration  may 
be  accomplished  in  a  number  of  ways  but  the  most  convenient  is  to 
draw  the  liquid  into  a  capillary  pipette  provided  with  a  retaining  well 
which  holds  a  very  small  pellet  of  the  filtering  medium.  In  this  way 
a  single  drop  may  be  filtered  and  completely  washed  in  a  few  seconds, 
the  residue  being  concentrated  in  the  tiny  filter  plug  from  which  it 
may  readily  be  redissolved  in  a  trace  of  acid.  Practically  all  of  the 
common  analytical  operations  have  been  reduced  to  a  microscale  and 
may  be  carried  out  with  rapidity  and  precision  in  equipment  of  appro- 
priate design. 

It  may  be  of  interest  to  note  here  a  few  of  the  more  ingenious 
devices  and  processes  that  have  been  developed  to  aid  qualitative 
microanalysis.  The  electrolytic  cell  of  H.  Brenneis  provides  for  the 
precisely  controlled  electrolysis  of  a  drop  of  solution,  at  the  same  time 
permitting  continuous  observation  of  the  electrode  surfaces  under  the 
microscope.     By  its  use,  O.OOl  mgm.  of  copper  ma\-  readily  be  recog- 
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nized  and  as  little  as  0.0001  mgm.  of  zinc  has  been  observed  on  a 
previously  coppered  cathode.  The  electrodes  are  formed  by  encasing 
closely  spaced  platinum  wires  in  glass  which  is  subsequently  cut  and 
polished  through  a  perpendicular  plane,  thereby  exposing  cross- 
sectional  areas  of  the  wires.  The  drop  to  be  electrolyzed  is  placed  on 
the  polished  glass  surface  and  the  portion  covering  the  platinum  areas 
observed  under  the  microscope. 

A  process  rarely  used  in  ordinary  analysis  but  of  great  service  in 
microwork  is  that  of  sublimation.  A  few  thousandths  of  a  milligram 
of  a  volatile  crystalline  solid  may  be  separated  in  this  way  from  a 


Fig.  3 — The  electrolysis  cell  shown  here,  when  used  under  the  microscope,  permits 
one  to  observe  the  deposition  of  metals  from  tiny  drops  of  solutions.  Less  than  a 
thousandth  of  a  milligram  of  copper  or  zinc  may  be  detected  by  its  use. 

large  bulk  of  inert  material  in  a  condition  that  permits  immediate 
treatment  with  reagents.  In  order  to  apply  this  process  to  dusts, 
corrosion  products  and  other  frequently-encountered  materials,  an 
improved  microsublimation  chamber  has  been  designed  by  this 
Laboratory.  The  apparatus  is  so  arranged  that  both  temperature 
and  pressure  can  be  regulated.  The  vapor  condenses  on  a  water- 
cooled  microscope  cover-glass  and  the  recovery  is  practically  quanti- 
tative. As  little  as  0.002  mgm.  of  mercuric  iodide  was  found  to  give 
a  deposit  of  definitely  recognizable  crystals. 

A  phenomenon  that  has  long  been  familiar,  yet  not  applied  to 
analysis  until  its  value  in  microwork  was  recentlv  demonstrated,  is 
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the  production  of  "sclileiren"  or  refraction  liiu-s  when  two  Huids  of 
differing  optical  density  are  added  together  without  mixing.  One 
liquid  is  contained  in  a  flat  optical  cell  of  a  few  tenths  cc.  capacity. 
The  other  is  slowly  introduced  below  the  surface  of  the  first  liquid 
from  a  capillary  orifice.  The  refraction  effects  set  up  are  observed 
through  a  horizontally  mounted  microscope  under  controlled  illumi- 
nation. When  one  of  the  liquids  is  known,  such  observations  are  the 
basis  for  both  specific  gravity  and  refractive  index  determinations. 
So  sensitive  is  the  method  that  a  difference  of  0.0001  in  the  refractive 
indices  of  the  two  liquids  is  still  detectable.  It  therefore  affords  an 
excellent  test  for  purity.  If,  for  instance,  two  fractions  of  a  distilled 
liquid  are  added  together  with  the  production  of  "schleiren,"  it  may 
be  assumed  that  the  original  liquid  was  not  a  pure  substance. 

Glass  capillary  tubes  have  shown  great  versatility  in  microwork. 
When  the  quantity  of  material  operated  upon  is  exceptionally  small, 
as,  let  us  say,  in  the  case  of  a  foreign  deposit  on  relay  contact  points, 
their  use  affords  distinct  advantages.  Almost  every  operation  can  be 
executed  through  appropriate  adaptations  of  capillary  technique. 
Thus  reactions  may  be  carried  out  under  pressure  in  sealed  capillaries 
when  the  volume  of  liquid  is  only  a  few  thousandths  cc.  and  the  whole 
process  watched  under  the  microscope.  Distillation  and  sublimation 
are  processes  to  which  capillaries  are  especially  suited.  Suspensions 
may  be  centrifuged  or  filtered  in  capillaries.  In  the  latter  case  capil- 
lary attraction  is  the  force  that  draws  the  liquid  through  the  filtering 
medium. 

The  possibilities  of  capillaries  may  be  illustrated  by  a  practical 
example.  Tiny  discolorations  were  found  on  the  surface  of  a  polished 
silver  sheet  used  in  photocell  manufacture.  Mercury  contamination 
was  suspected  and  an  analytical  confirmation  was  desired.  The  pro- 
cedure was  as  follows:  A  1-mm.  capillary  tube  was  drawn  out  to  form 
a  pipette  having  a  very  fine  tip.  With  this  a  very  small  drop  of  nitric 
acid  was  transferred  to  one  of  the  discolored  areas  under  the  micro- 
scope, and  allowed  to  act  for  a  few  seconds,  after  which  it  was  removed, 
transferred  to  a  capsule  and  the  excess  acid  evaporated.  The  residue 
was  re-dissolved  in  a  small  drop  of  water  and  drawn  up  into  a  second 
capillary  tube  containing  a  few  mm.  of  No.  32  copper  w'ire.  Both 
ends  were  sealed  and  the  tube  heated  in  boiling  water  for  a  few^ 
minutes,  after  which  one  end  was  opened  and  the  liquid  withdrawn  by 
means  of  a  finer  capillary.  The  open  end  was  then  drawn  out  to  a 
very  fine  tube  of  microscopic  bore.  The  closed  end  was  heated  by  a 
microflame,  gently  at  first  to  drive  out  moisture,  then  strongly  until 
the  glass  had  completely  fused  about  the  copper  wire.     Heating  in 
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this  manner  was  continued  almost  to  the  constricted  portion.  When 
the  capillary,  after  cooling,  was  examined  under  the  microscope 
minute  globules  of  condensed  mercury  were  plainly  \isible.  In  this 
process,   the  mercury  is  displaced   from  solution   by   the  copper  and 


Fig.  4 — With  this  electrolytic  cell  as  little  as  a  milligram  of  various  heavy  metals 
may  be  precisely  determined. 
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deposits  on  the  wire  from  which  it  is  sul)st'(iiu'ntl\-  (Hstillcd.      As  Httle 
as  0.001  mgm.  can  he  readily  detected  in  this  \va>'. 

A  considerable  part  of  the  microanalyst's  task  is  the  physical  isola- 
tion and  recovery  of  the  material  on  which  his  analytical  operations 
are  to  be  performed.  His  problems  very  often  recjuire  examinations 
of  minute  particles  or  aggreiiates  of  foreign  substances  which  have 
become  attached  to  or  embedded  in  the  surface  of  a  material.  He 
may  also  be  required  to  isolate  and  study  the  structural  units  which 
compose  a  given  formation.  For  e.xample,  a  deposit  occurs  on  the 
surface  of  a  metal  as  a  result  of  corrosion.  This  deposit  is  not  of  a 
homogeneous  nature  but  is  built  up  in  successive  layers,  each  of  which 
differs  in  composition.  To  obtain  a  satisfactory  picture  of  the  mech- 
anism of  the  production  of  the  deposit  it  is  necessary  to  know  the 
composition  of  each  separate  layer. 

The  mechanical  manipulations  necessary  to  obtain  sample  material 
frequently  tax  the  analyst's  ingenuity  more  than  the  analysis  itself. 
The  work  is  usually  carried  out  under  the  low  powers  of  a  microscope, 
preferably  of  the  binocular  type.  Much  of  the  technique  of  the 
biologist  has  been  appropriated  by  the  microanalyst  in  this  phase  of 
his  work.  Various  types  of  dissecting  tools  find  ready  application 
here.  The  dental  engine  with  its  various  attachments,  such  as  drills, 
burrs,  carborundum  w  heels,  has  been  found  extremely  useful  for  drilling 
out  inclusions  in  metals  and  for  the  removal  of  hard  surface  films. 
The  micromanipulator,  an  instrument  originally  designed  by  biologists 
to  perform  intracellular  operations,  has  recently  been  employed  in 
microchemical  work  with  very  satisfactory  results.  This  instrument 
furnishes  the  means  of  regulating  with  great  precision  the  movement  of 
needles,  capillary  pipettes,  electrodes,  electrically  heated  platinum 
wires,  etc.,  under  relatively  high  magnifications.  It  offers  great 
promise  where  particles  of  exceptionally  small  dimensions  are  to  be 
studied. 

A  number  of  methods  have  been  developed  and  used  by  the  Labora- 
tories' Microchemical  Group  for  the  collection  and  study  of  central 
ofiice  dusts.  A  device  which  deserves  particular  mention  is  the 
impinger,  an  adaptation  of  which  has  been  employed  to  remove  dusts 
from  the  extremely  localized  area  represented  by  a  single  relay  contact 
point.  The  device  is  so  constructed  that  the  particles,  after  being 
picked  up  by  suction,  are  projected  at  high  velocity  against  a  micro- 
scope slide,  the  surface  of  which  is  coated  with  an  adhesive  medium. 
The  slide  is  removed  from  the  apparatus  and  the  dust  subjected  to 
physical  and  chemical  treatment  to  determine  its  nature. 

In  quantitative  microanalysis,  the  analyst  is  faced  with  the  added 
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problem  of  weighing  a  few  milligrams  of  material  with  the  same  pre- 
cision as  might  be  obtained  with  samples  of  the  usual  size.  The  Nernst 
quartz  fiber  balance,  capable  of  weighing  to  a  few  ten-thousandths  of  a 


Fig.  5 — The  micromanipulator  finds  use  when  it  is  necessary  to  operate  on  unusually 
small  particles  or  within  areas  bounded  by  the  microscopic  field. 

milligram,  has  proved  very  useful  in  certain  types  of  work,  where  the 
total  load  does  not  exceed  a  few  tenths  of  a  gram.  Its  application  to 
chemical  analysis,  however,  is  quite  limited  because  of  the  difficulty 
of  reducing  the  load  to  this  extent.     The  quantitative  extension  of 
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microtechnique  consequently  made  little  progress  until  a  beam  balance 
was  produced  by  W.  Kuhlmann  of  Hamburg,  which  was  capable  of 
weighing  to  a  thousandth  of  a  milligram  with  no  appreciable  change 
in  sensitivity  with  loads  up  to  20  grams. 

With  the  perfection  of  this  essential  instrument  quantitative  micro- 
technique developed  rapidly,  and  because  of  the  economy  of  time  and 
material  it  is  in  many  cases  actually  displacing  older  methods  operating 
on  the  usual  scale.  This  is  particularly  true  in  organic  analysis  where 
the  methods  are  ordinarily  tedious  and  expensive.  Pregl,  who  received 
the  Nobel  prize  in  1923,  worked  out  rapid,  precise  micromethods  for 
the  determination  of  carbon,  hydrogen,  nitrogen  and  various  organic 
radicles,  which  require  only  a  few  milligrams  of  sample.  As  an 
example  of  the  great  practical  value  of  such  methods  may  be  cited  an 
instance  mentioned  by  Cornwell  ^  in  which  a  complex  organic  com- 
pound was  synthesized  with  a  yield  of  about  a  gram  of  product.  The 
labor  and  material  involved  brought  its  cost  to  about  $5,000.  An 
analysis  was  required  as  a  check  on  the  composition,  and  by  the  usual 
methods  this  would  have  required  0.2  gram  of  sample  at  a  cost  of 
$1,000.  The  analysis  was  actually  made  by  the  micromethod  on  2 
milligrams  of  sample,  cost  $10. 

Most  of  the  general  equipment  originally  devised  to  facilitate  micro- 
operations  in  qualitative  analysis  is  also  applicable  to  quantitative 
work.  Considerable  additional  equipment  is  required,  however,  for 
the  recovery,  conditioning  and  quantitative  measurement  of  the  final 
transformation  products  of  the  analytical  process.  Precipitates  are 
collected  and  weighed  either  by  centrifuging  in  suitably  shaped  vessels 
or  on  suction  filters  which  are  essentially  miniature  reproductions  of 
those  used  in  ordinary  work.  An  innovation  in  filtration  practice 
consists  in  the  use  of  an  inverted  filter  which  is  weighed  together  with 
the  microbeaker  in  which  the  final  precipitation  takes  place.  The 
clear  liquid  and  washings  are  simply  drawn  off  through  the  filter. 
This  obviates  the  necessity  of  completely  transferring  the  precipitate 
to  the  filter,  thereby  avoiding  losses  that  are  otherwise  almost  certain. 
Duralumin  blocks  of  various  designs  have  been  found  excellent  for 
drying  and  conditioning  precipitates.  The  high  heat  capacity  afforded 
by  the  large  mass  of  metal  insures  a  very  constant  temperature. 
Various  types  of  micromuffle  and  combustion  furnaces  have  been 
devised.  Their  small  size  greatly  reduces  construction  costs  and 
permits  a  more  generous  use  of  quartz  or  platinum  linings. 

For  the  measurement  of  liquids,  microburettes  are  available  which 
can   be   read   to   0.001    cc.     When   the   quantities  are   too  small   for 

•  Cornwell,  R.  T.,  J.  Chem.  Education,  5,  1099-1108  (1928). 
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measurement  by  micromodifications  of  the  conventional  i^ravimetric 
and  volumetric  methods,  the  microscope  sometimes  may  be  ingeniously 
applied  to  quantitative  determinations.  Colorimetric  and  turbidi- 
metric  measurements  may  thus  be  made  on  a  few  thousandths  of  a 
cubic  centimeter  of  solution  contained  in  a  capillary  tube.  The  rela- 
tive quantities  of  two  or  more  components  of  a  mixture  may  frequently 
be  approximated  from  area  determinations  made  on  the  individual 
particles  in  the  microscope  field.  Instead  of  weighing  the  mercury 
recovered  by  capillary  distillation,  the  condensed  globules  may  be 
united  by  centrifuging  and  the  mass  of  the  resulting  single  globule 
estimated  from  diameter  measurements  under  the  microscope. 
Similarly  the  analysis  of  a  minute  amount  of  gas  may  be  carried  out 
by  measuring  the  shrinkage  in  diameter  of  a  single  microscopic  bubble 
as  the  absorption  reagents  in  which  it  is  immersed  are  changed. 

A  striking  example  of  a  quantitative  determination  so  contrived 
that  the  final  measurement  is  performed  microscopically  is  the  micro- 
molecular-weight  method  of  Barger.  Two  solutions,  one  known  and 
the  other  containing  the  unknown,  are  placed  in  a  capillary  with  a 
small  air  bubble  separating  them.  The  ends  of  the  capillary  are 
sealed  and  the  lengths  of  the  two  liquid  columns  measured  on  a  microm- 
eter scale.  After  several  hours  the  measurement  is  again  made,  and 
repeated  at  intervals  until  the  column  lengths  become  constant. 
When  this  occurs,  the  vapor  pressure  of  the  two  solutions  wall  be 
identical  and  since  vapor  pressure  is  a  function  of  the  molar  concen- 
tration, the  latter  may  also  be  assumed  to  be  the  same  in  each  solution. 
Knowing  the  original  weight  concentrations  and  the  molecular  weight 
of  one  of  the  substances,  that  of  the  other  may  be  calculated  from  the 
change  in  the  volumes  of  the  two  solutions  necessary  to  bring  about 
equilibrium. 

The  application  of  quantitative  microtechnique  to  engineering  and 
research  problems  at  Bell  Telephone  Laboratories  has  required  a  con- 
siderable amount  of  development  work  directed  toward  the  improve- 
ment of  apparatus  and  the  creation  of  new  types  of  technique.  Thus, 
in  order  to  carry  out  micrometallurgical  analyses,  several  forms  of 
electrolysis  cells  were  developed  which  permit  the  determination  of 
metals  such  as  copper,  zinc,  nickel,  lead,  cadmium,  tin  and  others. 
With  these  cells,  using  five  milligram  samples,  the  same  accuracy  is 
attained  as  in  ordinary  analysis  on  half  a  gram.  One  of  these  cells, 
designed  for  the  analysis  of  extremely  dilute  solutions,  permits  the 
qualitative  detection  of  one  part  of  copper,  zinc,  or  lead  in  100,000,000 
parts  of  water  and  is  partic  ularlx-  useful  in  isolating  minute  fjuantities 
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of  heavy  metal  impurities  in  such  metals  as  aluminum  or  nickel,  or  in 
examining  waters  after  use  in  corrosion  experiments. 

In  order  to  reduce  the  errors  of  weighing  in  microgravimetric 
analysis,  it  is  ob\'iously  desirable  to  obtain  transformation  products 
having  the  greatest  possible  mass.  To  facilitate  manipulation,  it  is 
also  desirable  to  deal  only  with  products  of  a  coarse  crystalline  nature 


Fig.  6 — The  glass  hot  stage  assembly  shown  here  provides  for  the  determination  of 
melting  points  or  the  sublimation  of  volatile  substances  under  the  microscope. 
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which  may  be  readily  centrifuged,  filtered  and  washed,  and  which 
exhibit  a  minimum  tendency  to  adhere  to  the  wall  of  the  containing 
vessel.  The  simple  insoluble  salts,  oxides  or  hydroxides  usually 
obtained  in  the  older,  classical  methods,  rarely  meet  these  requirements 
satisfactorily  and  recently  much  attention  has  been  given  the  search 
for  more  suitable  quantitative  precipitants.  The  result  has  been  an 
increased  use  in  microwork  of  organic,  complex  and  double  salts  of 
high  molecular  weight.  Thus  sodium  is  no  longer  weighed  as  the 
sulphate,  which  provides  only  a  threefold  increase  in  the  weight  of  the 
sodium  present,  but  rather  as  crystalline  sodium  zinc  uranyl  acetate 
having  a  molecular  weight  of  1591  or  a  weight  equal  to  69  times  that 
of  the  sodium  present.  Silver  may  be  collected  and  weighed  as  silver- 
copper  propylenediamine  iodide  of  molecular  weight  939.  Aluminum, 
instead  of  being  precipitated  as  gelatinous  aluminum  hydroxide,  which 
is  difficult  to  filter,  may  be  separated  and  weighed  as  the  crystalline 
oxy-quinolate  with  an  eighteen-fold  increase  in  weight. 

Another  possibility  of  chemically  amplifying  weight  consists  of 
employing  a  train  of  reactions  the  final  weighable  product  of  which 
has  a  high  molecular  weight.  Although  it  may  not  contain  the 
element  originally  sought,  this  product  is  still  stoichiometrically  related 
to  it  and  provides  the  basis  for  quantitative  estimation. 

Although  Pregl,  Emich  and  Chamot  are  considered  the  founders  of 
modern  microchemistry,  there  were  a  number  of  earlier  isolated  in- 
stances of  such  methods  being  used.  The  earliest  attempt  to  organize 
qualitative  microchemical  methods  systematically  was  made  by 
Boricky  in  1877  who  applied  the  technique  to  petrographic  studies  and 
wrote  a  treatise  entitled  "Elements  of  a  New  Microchemical  Analysis 
of  Minerals  and  Stones."  In  1885,  Haushofer  in  his  book  "Mikro- 
skopische  Reaktionen  "  provided  a  rather  complete  description  of  reac- 
tions carried  out  under  the  microscope,  his  work  covering  most  of  the 
common  elements.  It  remained  for  Professor  H.  Behrens  of  Delft, 
Holland,  and  H.  Schoorl  to  expand  the  technique  to  a  point  where 
minute  quantities  of  substances  could  actually  be  separated  and 
manipulated  to  permit  the  application  of  common  analytical  opera- 
tions. In  the  biological  field,  H.  Molisch  developed  the  technique  of 
applying  microreactions  directly  to  plant  tissues  and  in  this  way  was 
able  to  identify  many  intracellular  substances.  His  book  "Mikro- 
chemie  der  Pflanze,"  and  that  of  Mayerhofer,  "Mikrochemie  der 
Arzneimittel  und  Gifte,"  are  well  known. 

In  Europe,  particularly  in  Germany  and  Austria,  awakening  interest 
in  the  application  of  microchemical  methods  to  industrial  problems  is 
evidenced  by  the  appearance  of  a  large  number  of  articles  on  the 
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subject  in  current  journals.  Until  very  recently,  however,  American 
chemists  did  not  appear  to  have  fully  realized  the  technical  possibilities 
and  advantages  of  micromethods.  The  installation  of  a  completely 
equipped  microchemical  laboratory  at  Bell  Telephone  Laboratories 
about  seven  years  ago,  constituted,  the  authors  believe,  a  pioneer  step 
in  the  direct  application  of  microtechnique  in  its  broadest  sense  to 
engineering  problems.  Since  that  time,  a  number  of  industries  and 
industrial  institutions  have  made  similar  installations  with  favorable 
reports  as  to  their  usefulness. 

In  order  to  convey  a  more  concrete  idea  of  the  types  of  problems  in 
which  the  microchemical  approach  has  been  particularly  helpful  at 
Bell  Laboratories,  this  paper  will  be  concluded  with  a  few  actual 
examples. 

The  equipment  used  in  the  telephone  plant  and  associated  industries 
contains  numerous  small  functional  parts,  concerning  w^hich  analytical 
information  is  frequently  needed.  Such  information  may  be  desired 
in  connection  with  laboratory  studies  required  in  the  design  of  the 
apparatus  or  it  may  be  needed  because  of  unsatisfactory  performance 
in  service,  traceable  to  some  irregularity  in  the  particular  part. 
Obviously  such  results  as  might  be  obtained  by  compositing  the  large 
number  of  parts  necessary  for  an  ordinary  analysis  would  be  inadequate. 
Both  the  peculiarities  of  the  individual  case  and  the  variations  in 
quality  and  composition  will  be  obscured  unless  the  analytical  study 
be  made  to  include  only  particular  specimens.  Thus  single  relay 
contact  points,  weighing  between  five  and  ten  milligrams,  have  been 
quantitatively  analyzed  to  check  the  composition  of  the  alloy  when 
excessive  deterioration  was  noticed.  The  gold  plating,  amounting  to 
a  few  tenths  of  a  milligram,  has  been  precisely  determined  on  small 
areas  of  handset  transmitter  parts  for  the  purpose  of  observing  the 
uniformity  of  the  coating. 

In  studying  the  various  phenomena  occurring  in  vacuum  tubes  and 
photocells  the  Microchemical  Laboratory  has  frequently  been  requested 
to  identify  and  occasionally  to  analyze  quantitatively  various  metallic 
films  and  surface  deposits  in  which  the  total  material  has  ranged  from 
a  few  thousandths  to  one  or  two  milligrams.  The  distribution  of 
caesium  on  the  various  surfaces  of  the  photocell  was  quantitatively 
studied  by  microanalysis,  the  greatest  quantity  of  caesium  present  in 
any  one  determination  being  about  L5  mg.  Single  filament  wires 
weighing  from  eight  to  thirty  milligrams  have  been  analyzed,  the 
thoria  determined  in  the  case  of  tungsten  filaments,  while  nickel  wires 
were  examined  for  copper,  iron,  silicon  and  manganese. 

Micromethods  have  been  utilized  in  studying  variations  in  composi- 
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tion  between  very  thin  layers  of  a  material.  In  a  typical  case,  sheets 
of  an  iron-cobalt  magnetic  alloy  were  observed  to  undergo  a  change 
in  properties  after  rolling  to  diaphragm  thickness.  It  was  suspected 
that  the  surface  had  lost  iron  through  oxidation  and  subsequent 
mechanical  removal.  By  using  pure  silica  abrasive,  a  layer  of  metal 
was  removed  from  the  surface  corresponding  to  a  thickness  of  about 
0.005  millimeter.  The  metal  was  then  extracted  from  the  abrasive 
by  acid  treatment  and  the  iron-cobalt  ratio  determined  microchemi- 
cally.  A  similar  technique  has  been  applied  to  tinned  copper  wire,  to 
determine  the  quantity  of  copper  dissolved  by  tin  during  the  tinning 
process  and  the  extent  of  its  migration  to  the  surface  of  the  coating. 
It  has  also  been  used  to  study  the  alloy  layer  formed  between  the  zinc 
coating  and  the  iron  base  in  sherardizing  and  galvanizing  processes. 
Micromethods  applied  to  thin  films  have  been  used  in  the  study  of 
the  copper-oxygen  ratio  variation  in  copper  oxide  rectifier  discs. 

The  inclusion  of  foreign  particles  in  the  surfaces  of  metals  and  other 
materials  occasionally  occurs  as  a  result  of  faulty  conditions  of  manu- 
facture. Determination  of  their  nature  and  source  is  naturally 
necessary  before  remedial  measures  can  be  taken.  Since  the  particles 
are  small,  frequently  even  of  microscopic  dimensions,  microchemical 
methods  in  such  cases  are  the  only  ones  practicable.  Thus  small 
hard  particles  were  observed  in  an  experimental  lead  cable  alloy  which 
were  at  first  thought  to  consist  of  segregated  impurities.  Micro- 
analysis- showed  these  particles  to  be  composed  of  iron  and  nickel, 
indicating  that  they  had  probably  been  accidentally  introduced  into 
the  surface  during  the  extrusion  process.  Paper  removed  from  a 
condenser  that  had  failed  on  test  was  found  to  contain  microscopic 
particles  of  iron,  iron  rust,  brass  and  carbonaceous  aggregates  which 
had  also  been  accidentally  incorporated  during  manufacture. 

The  isolation,  detection  and  determination  of  traces  of  impurities 
or  substances  otherwise  associated  with  large  quantities  of  a  given 
material  have  benefited  through  the  application  of  microtechnique. 
Methods  have  been  worked  out  for  determining  sulphur  and  phos- 
phorus in  steel  and  for  silver  in  lead  in  which  these  impurities  are  all 
present  in  quantities  less  than  0.001  per  cent.  Acetic  acid  has  been 
isolated  from  the  corrosion  products  occurring  when  lead  cable  is 
exposed  in  creosoted  wood  ducts.  The  quantity  actually  present  is 
usually  very  small,  amounting  to  between  0.01  per  cent  and  0.001 
per  cent  of  the  weight  of  the  corrosion  product. 

Electrolytic  corrosion  in  the  windings  of  relays  and  other  similar 
types  of  apparatus  may  occur  as  the  result  of  minute  quantities  of 
salts  present  in  the  insulating  materials  or  acquired  from  the  manu- 
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facluriiig  einiioiiiiuMU.  These  salts  furnish  electrolytes  when  ihe 
humidity  is  relatively  hi,i;h,  dissolving;  the  copper  at  certain  poorly 
insulated  points  in  the  winding  until  the  wire  is  eventually  severed. 
In  tracing  the  sources  of  this  type  of  corrosion,  microtechnique  has 
afforded  the  only  satisfactory  method  of  attack. 

Recently  studies  have  been  made  to  learn  the  effects  of  the  dusts 
found  in  the  telephone  central  office  on  the  functioning  of  machine 
switching  equipment.  In  these  studies,  microchemical  methods  have 
figured  largely  in  the  identification  of  the  individual  dust  particles  as  well 
as  in  the  quantitative  determination  of  the  major  type  of  components. 


Switchboards  and  Signaling  Facilities  of  the  Teletypewriter 
Exchange  System  * 

By  A.  D.  KNOWLTON,  G.  A.  LOCKE  and  F.  J.  SINGER 

The  development  of  a  nationwide  teletypewriter  exchange  system  in 
the  United  States  required  the  design  of  switchboards  and  signaling  facilities 
adapted  to  this  special  service.  The  two  types  of  switchboard  now  in  use 
are  described  in  this  paper,  and  the  operation  of  the  circuits  by  means  of 
which  connections  between  the  various  subscribers  are  established  and  super- 
vised by  the  operators  is  explained. 

A  NATIONWIDE  teletypewriter  service  giving  direct  connection 
between  subscribers  for  the  exchange  of  written  messages  by 
means  of  the  teletypewriter  in  a  manner  similar  to  the  service  offered 
by  the  telephone  system  for  the  exchange  of  spoken  messages  was 
offered  to  the  public  as  a  new  aid  to  business  by  the  Bell  System  on 
November  21,  1931.  This  service,  known  as  the  teletypewriter 
exchange  (TWX)  service,  introduced  a  switching  technique  which, 
although  familiar  in  the  telephone  art,  involved  many  new  technical 
problems  when  applied  to  the  telegraph  art. 

Records  show  that  during  the  nineteenth  century  some  telegraph 
exchanges  were  established  at  which  connections  could  be  made  on  a 
message  basis  for  to  and  fro  telegraph  communications  between  sub- 
scribers. These  earlier  exchanges  had  a  commercial  appeal  although 
the  various  forms  of  subscriber  instruments  then  used  were  slow  and 
required  considerable  skill  for  operation.  Later,  when  the  telephone 
was  introduced,  these  exchanges  gradually  disappeared  because  the 
public  naturally  preferred  the  more  convenient  instrument.  With  the 
introduction  of  the  modern  teletypewriter  the  telegraph  exchange  idea 
was  again  revived  because  the  teletypewTiter,  being  very  similar  to 
an  ordinary  typewriter  and  permitting  an  accurate  written  record  of  a 
to  and  fro  communication,  has,  from  a  subscriber  standpoint,  over- 
come the  objectional  features  of  the  early  telegraph  instruments. 

The  private  line  telegraph  and  teletypewriter  service  furnished  by 
the  Bell  System  has  formed  a  very  important  background  for  the  new 
teletypewriter  exchange  service.  The  older  service,  which  provides 
relatively  permanent  networks  interconnecting  various  stations  in  a 
predetermined  manner  for  a  predetermined  time,  has  been  available 
to  the  public  since  about  1890.     During  the  earlier  period  it  was  used 

*  Published  in  Electrical  Engineering,  September,  1936.  Presented  at  A.I.E.E. 
Southwest  District  meeting,  Dallas,  Texas,  October  26-28,  1936. 

504 


TELETYPEWRITER  EXCHANGE   SYSTEM  505 

chiefly  by  the  press  and  brokers  and  was  operated  on  a  Morse  tele- 
graph basis,  generally  using  composite  or  simplex  line  facilities. 
Later,  with  the  introduction  of  the  modern  teletypewriter,  the  carrier 
telegraph,  and  other  improvements,  together  with  the  growth  of 
American  business  and  the  demand  for  rapid  and  accurate  written 
communications,  this  private  line  business  expanded  rapidly  and 
service  was  furnished  not  only  to  the  press  and  brokers  but  also  to 
other  financial  institutions,  manufacturers,  government  bureaus,  police 
departments,  and  a  wide  variety  of  retailers  and  distributors  of  goods. 
This  business  has  become  nationwide.  Many  of  these  private  line 
systems  are  provided  with  switching  facilities  for  use  by  the  customer 
in  each  system,  although  the  supervisory  arrangements  are  rather 
elementary. 

In  addition  to  the  private  line  telegraph  service  and  the  arrange- 
ments which  had  been  developed  and  applied  to  that  service,  the 
many  developments  in  the  telephone  field  formed  an  important  con- 
tribution to  the  teletypewriter  exchange  service.  It  is  obvious  that 
in  providing  TWX  service,  which  is  a  point-to-point  service  with 
connections  set  up  and  taken  down  on  the  subscriber's  order,  use  can 
be  made  of  many  traffic  and  service  practices  used  in  the  telephone 
service.  Furthermore,  certain  telephone  apparatus  such  as  switching 
relays,  cords,  plugs,  etc.,  can  be  employed  to  advantage. 

With  this  background,  when  it  was  decided  to  furnish  a  nationwide 
teletypewriter  exchange  service  to  the  public,  Bell  System  engineers 
had  the  problem  of  determining  what  general  plan  of  design  to  adopt. 
There  were  two  alternatives:  (1)  to  provide  a  service  using  the  tele- 
phone plant  and  existing  telephone  switchboards,  or  (2)  to  provide 
separate  switchboards  for  use  with  the  telegraph  plant.  The  im- 
portant advantages  of  the  first  plan  are: 

(o)  The  switchboards  and  signaling  arrangements  designed  for  and  in  use  in  the 
telephone  plant  could  be  employed. 

(b)  The  same  operating  groups  handling  the  telephone  service  would  handle  this 
service.  Inasmuch  as  telephone  service  is  on  a  24-hour  basis  throughout  the  country, 
the  TWX  service  could  be  furnished  on  the  same  basis  with  a  relatively  low  operating 
cost. 

The  disadvantages  of  the  first  plan  are: 

(a)  Because  the  teletypewriter  operates  on  a  d-c.  basis  it  would  be  necessary  to 
provide  an  oscillator  and  associated  apparatus  at  the  station  to  generate  an  audio- 
frequencv  alternating  current  for  modulation  by  the  signals  sent  by  the  teletypewriter, 
and  a  rectifier  to  convert  the  a-c.  pulses  received  from  the  distant  station  to  d-c. 
pulses  for  operation  of  the  receiving  mechanism  of  the  station  teletypewriter. 
Furthermore,  it  would  be  necessary  to  furnish  a  telephone  instrument  at  the  station 
to  permit  the  subscriber  to  communicate  with  the  operator  unless  a  teletypewriter 
or  other  type  of  recording  instrument  were  provided  at  each  operating  position. 

(b)  Relativelv  expensive  telephone  lines  known  as  inter-toll  trunks  would  be 
required  between  central  offices.     If  the  cheaper  telegraph  channels  were  used  as 
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inter-toll  trunks  it  would  be  necessary  to  provide  frequency  converters  at  each 
terminal  to  translate  the  frequency  band  required  on  the  subscriber  loop  to  a  band 
suitable  for  application  to  the  telegraph  inter-toll  trunks.  If  the  telegraph  channels 
were  used  between  switchboards  it  would  also  be  necessary  to  provide  the  operators 
with  teletypewriters  or  other  means  of  communication  because  the  telegraph  channels 
do  not  permit  oral  communication. 

(c)  A  number  of  miscellaneous  engineering  and  plant  problems  other  than  those 
listed  in  (a)  and  (i)  would  be  introduced  if  standard  telephone  facilities  were  used  to 
interconnect  the  stations  in  the  teletypewriter  exchange  network. 

After  due  consideration  of  all  these  factors  it  was  decided  to  utilize 
the  telegraph  plant  and  to  design  and  provide  the  necessary  teletype- 
writer switchboards  and  inter-office  signaling  arrangements.  By 
following  this  plan  it  has  been  possible  to  establish  service  on  a  nation- 
wide basis  using  switchboards  at  the  larger  switching  centers  and 
employing  modified  telegraph  private  wire  testboards  at  the  smaller 
centers. 

This  paper  describes  the  signaling  and  switching  arrangements  used 
in  the  present  system,  and  particularly  the  two  principal  types  of 
switchboards  that  are  in  use.  The  discussion  is  limited  to  the  most 
important  signaling  and  switching  arrangements,  as  the  transmission 
features  are  described  in  another  paper. ^  A  description  is  included  of 
the  principal  factors  entering  into  the  design  of  the  more  important 
circuits  used  in  these  switchboards:  the  subscriber  lines,  inter-toll 
trunks,  and  cords.  The  subscriber  line  treatment  is  divided  into 
three  broad  classes:  local  subscribers  having  either  attended-only  or 
unattended  service;  distant  subscribers  served  over  telegraph  toll 
line  facilities;  and  distant  subscribers  served  over  telephone  facilities. 
Particular  attention  is  given  to  the  fundamental  problem  of  providing 
supervisory  signals  over  the  telegraph  lines  used  as  inter-toll  trunks  in 
the  inter-office  connections. 

Teletypewriter  Switchboards 

To  reach  subscribers  in  all  parts  of  the  country  there  has  been 
established  a  network  of  teletypewriter  switching  points  intercon- 
nected by  telegraph  lines.  At  each  of  the  larger  switching  points  a 
teletypewriter  switchboard  is  provided,  the  principal  switchboards 
being  the  No.  1  Teletypewriter  Switchboard  having  a  capacity  of 
3,600  subscriber  lines,  and  the  No.  3.4  Teletypewriter  Switchboard 
having  a  capacity  of  1,200  subscriber  lines.  The  former,  a  general 
view  of  which  is  shown  in  Fig.  1,  is  used  in  large  cities  such  as  New 
York  and  Chicago,  while  the  latter,  a  general  view  of  which  is  shown  in 
Fig.  6,  is^used  in  smaller  cities  such  as  Pittsburgh  and  Kansas  City. 

*"A  Transmission  System  for  Teletypewriter  Exchange  Service,"  R.  E.  Pierce 
and  E.  W.  Bemis,  this  issue  of  the  Bell  System  Technical  Journal,  and  Electrical 
Engineering,  v.  55,  September  1936,  pp.  961-70. 
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Fundamentally,  a  manual  switchboard  consists  of  two  parts:  the 
(tMininations  for  subscribers  lines  and  inter-toll  trunks,  and  the  switch- 
iiii;  facilities  used  by  the  operators  in  interconnecting^  the  lines  and 
trunks.  The  line  and  trunk  terminations  are  in  the  form  of  multiple 
jacks  and  lamps  located  in  the  jack  field  and  are  accessible  to  all 
operators.  The  switching  facilities,  or  cords,  together  with  the  means 
for  communication  to  subscribers  or  other  operators,  are  individual  to 
each  operator  and  are,  in  general,  located  at  the  keyshelf.  Although 
the  design  of  the  switching  equipment  and  the  multiple  are  to  some 


Fig.  1 — No.  1  Teletypewriter  Switchboard  at  New  York,  N.  Y. 

extent  dependent  upon  each  other,  the  principal  factors  influencing 
the  design  are,  for  the  purpose  of  discussion,  considered  independently. 


The 


No.  1  Teletypewriter  Switchboard  Position  Equipment 
No.    1    Teletypewriter    Switchboard    position    consists    essen- 


tially of  a  teletypewriter  for  the  operator's  use  in  sending  and  receiving 
the  instructions  for  establishing  the  connections,  together  with  a 
number  of  cords  for  making  the  various  interconnections  between  the 
line  terminations.  The  number  of  these  cords  necessary  for  the 
efficient  functioning  of  an  operator  is  the  most  important  factor 
governing  the  width  of  the  position,  a  primary  consideration  in  the 
design  of  a  switchboard. 
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The  number  of  cords  per  operator  is  dependent  on  the  average  time 
required  to  set  up  and  disconnect  each  call  (known  as  the  average 
work  time  per  call)  and  the  average  communication  time  per  call. 
Whereas  the  former  can  be  forecast  quite  accurately  by  the  operating 
characteristics  of  the  circuits,  the  latter  is  dependent  on  the  com- 
mercial application  of  the  service.  To  insure  the  provision  of  an 
adequate  number  of  cords  it  was  necessary  to  allow  for  the  longest 
average  communication  time  which  could  be  reasonably  anticipated. 
The  analysis  of  the  average  work  time  per  call  together  with  the  fore- 
cast communication  time  resulted  in  the  requirement  being  set  up  for 
a  maximum  of  18  cords  per  operator. 


Fig.  2 — Keyshelf  arrangement  of  No.  1  Teletypewriter  Switchboard. 


With  the  requirement  for  the  position  equipment  established  at  18 
cords  (and  one  teletypewriter  for  communication  purposes),  the 
width  of  the  position  was  determined  to  be  approximately  34  inches,  or 
the  width  of  four  panels  of  the  jack  field,  each  panel  being  8|  inches  in 
width.  The  division  into  an  even  multiple  of  panels  is  for  construc- 
tional purposes,  to  separate  the  switchboard  into  sections  for  manu- 
facturing. It  was,  however,  necessary  to  adopt  a  new  type  of  keyshelf 
construction,  shown  in  Fig.  2,  to  provide  for  the  operator's  tele- 
typewriter. 

Because  of  its  large  size,  the  teletypewriter  was  located  as  low  as 
possible  to  minimize  blocking  the  jack  field.     This  required  the  pro- 
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vision  of  a  teletypewriter  shelf  the  lower  ed^e  of  which  was  at  the  same 
height  as  the  lower  edge  of  the  adjacent  keyshelves.  The  depth  of 
the  teletypewriter  made  it  necessary  to  recess  it  in  the  jack  field.  This 
recess  was  obtained  by  cutting  off  one  stile  strip  and  adding  a  longi- 
tudinal detail  the  entire  width  of  the  section  to  support  the  lower  end 
of  the  cut  stile  strip.  The  teletypewriter  shelf  was  placed  on  rollers 
to  permit  its  sliding  out  easily  for  maintenance  accessibility. 

The  teletypewriter,  being  the  operating  center  of  the  position,  has 
nine  cords  on  each  side  to  locate  all  18  cords  within  easy  reach  of  the 
operator.  Because  of  this  arrangement  it  was  not  possible  to  make  the 
position  boundaries  coincide  with  the  section  boundaries  as  this 
would  require  two  keyshelves  of  nine  cords  each  per  section  with  the  con- 
sequent waste  of  equipment  space  for  the  supports  between  adjacent 
keyshelves.  This  loss  of  space  was  reduced  by  providing  one  18-cord 
keyshelf  per  2-position  section  and  associating  one  half  of  the  cords 
with  the  teletypewriter  to  the  left  and  the  other  half  with  the  teletype- 
writer to  the  right.  This  caused  an  overlap  of  the  position  and 
section  boundaries  so  that  the  nine  cords  on  the  left  end  of  each  section 
form  a  part  of  the  right  position  of  the  adjacent  section  to  the  left. 

No.  1  Switchboard  Multiple  Equipment 

The  primary  objective  in  the  design  of  multiple  equipment  is  the 
provision  of  line  terminations  in  a  form  that  will  make  each  line 
readily  accessible  to  every  operator,  taking  into  consideration  the 
physical  limitations  imposed  by  the  operator's  reach.  Previous 
experience  in  the  design  of  telephone  switchboards  has  determined 
that,  for  a  subscriber  switchboard,  satisfactory  operating  conditions 
may  be  obtained  in  respect  to  the  horizontal  reach  of  the  operator  by 
the  multipling  of  the  line  terminations  on  an  8-panel  basis  (using  the 
standard  8^  inch  panel)  giving  a  distance  of  68  inches  from  one  appear- 
ance of  a  line  to  the  next.  The  maximum  reach  in  each  horizontal 
direction  will  then  be  half  of  this  distance,  or  34  inches.  This  was, 
however,  reduced  to  a  6-panel  multiple  giving  a  maximum  reach  of 
25|  inches  to  insure  operating  efficiency. 

In  determining  the  maximum  vertical  reach  for  the  operator,  the 
standard  practice  was  followed  of  limiting  this  reach  to  30  inches  for 
line  terminations  which  are  to  be  answered,  and  to  34  inches  for  lines 
to  which  calls  are  to  be  completed.  The  line  terminations  to  be 
answered  by  the  operator  are  kept  lower  than  the  lines  for  completing 
purposes  because  the  operator's  attention  must  be  attracted  to  the 
line  by  the  illumination  of  the  line  lamp.  The  line  capacity  of  the 
switchboard  is  limited  by  the  number  of  line  terminations  that  can  be 
provided  within  the  above  dimensions. 
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The  lower  line  of  Fig.  3  shows  the  inter-toll  trunk  and  subscriber 
line  capacities  obtainable  within  the  permissible  reach  limits  on  a  6- 
panel  multiple  basis  where  the  complete  subscriber  multiple  is  equipped 
with  answering  lamps.  The  capacity  shown  is  based  on  various 
ratios  of  subscriber  lines  to  inter-toll  trunks.  Because  of  the  essentially 
toll  character  of  the  teletypewriter  exchange  service,  it  was  anticipated 
that  there  would  be  a  high  ratio  of  inter-toll  trunks  to  subscriber  lines 
and  comparatively  little  local  traffic.  The  traffic  studies  indicated  that 
the  average  ratio  would  be  in  the  order  of  seven  or  eight  subscriber  lines 
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Fig.  3 — Curves  showing  variation  of  subscriber  line  capacity  for  No.  1  Teletype- 
writer Switchboard.     ^4— Inverted  multiple.     B- — Conventional  multiple. 


to  one  trunk.  It  may  be  seen  from  Fig.  2)  that,  with  this  ratio,  a 
capacity  of  only  2,200  subscriber  lines  is  obtainable  with  the  entire 
multiple  equipped  with  answ'ering  lamps. 

By  providing  answering  lamps  for  only  the  first  half  of  the  sub- 
scriber lines  and  installing  the  second  half  without  answering  lamps  in 
the  upper  portion,  the  total  space  for  a  given  number  of  lines  can  be 
reduced  and  advantage  taken  of  the  additional  space  afforded  by  the 
34-inch  vertical  reach  permissible  for  calling  multiple.  This  arrange- 
ment, known  as  the  inverted  multiple,  provides  answering  facilities  for 


TEJJiTYFEU-RlTKR   KXCIIANGE   SYSTEM  511 

the  sccoikI  half  of  the  subscriber  hues  in  u  second  Hnc-ni)  of  s\\  itchboard 
in  which  they  are  equipped  with  answering  lamps.  The  first  half  of 
the  lines  also  are  multipled  in  this  line-up  but  on  a  callinj^-only  basis; 
that  is,  without  lamps.  With  this  arrangement,  calls  originated  by 
the  first  half  of  the  subscribers  are  answered  in  the  first  line  of  switch- 
board, and  those  originated  by  the  second  half  are  answered  in  the 
second  line.  Any  operator  may  complete  a  connection  to  any  line 
eis  there  is  a  full  multiple  of  jacks  in  both  boards.  In  the  second 
line-up  the  two  halves  of  the  multiple  are  inverted  as  to  location  in 
order  to  place  the  lines  with  answering  lamps  within  easy  reach. 
The  upper  line  of  Fig.  3  shows  the  capacities  obtainable  with  this 
arrangement.  It  may  be  seen  that,  with  a  ratio  of  7.5  subscriber  lines 
to  one  inter-toll  trunk,  a  subscriber  line  capacity  of  approximately 
3,800  is  possible.  It  was  necessary,  however,  to  reduce  this  to  3,600 
lines  in  order  to  obtain  a  division  in  a  multiple  of  600  lines  to  simplify 
the  numbering  of  the  jacks.  With  this  arrangement  300  lines  are 
provided  in  each  panel  without  answering  lamps  and  300  lines  with 
answering  lamps. 

This  multiple  arrangement  is  illustrated  in  Fig.  4,  which  shows 
schematically  the  cabling  for  the  first  half  of  the  subscriber  multiple 
(lines  0  to  1,799).  It  may  be  noted  that  a  third  line  of  switchboard, 
the  inward  and  through  board,  is  provided.  Experience  has  shown 
that  the  most  efificient  operation  is  obtained  if  the  inward  and  through 
trafific  is  segregated  when  the  switchboard  grows  to  30  or  more  posi- 
tions. As  the  subscriber  multiple  is  used  here  for  calling  purposes 
only,  the  answering  lamps  may  be  omitted  from  the  entire  subscriber 
multiple,  thus  making  additional  space  available  for  increased  inter-toll 
trunk  capacity  as  discussed  in  the  following.  The  subscriber  lines  are 
cabled  from  the  main  distributing  frame  (MDF)  to  the  relay  equipment 
and  from  there  to  the  TWX  intermediate  distributing  frame.  Here 
cross  connections  are  provided  to  permit  the  assignment  of  any  sub- 
scriber line  relay  equipment  to  any  multiple  jack  for  flexibility  in 
assigning  numbers.  The  distributing  frame  terminal  strip  also  serves 
as  a  doubling-up  point  for  the  cable  to  the  switchboards. 

A  somewhat  similar  arrangement  used  for  the  inter-toll  trunk  mul- 
tiple is  shown  schematically  in  Fig.  5.  The  standard  telegraph  line 
facilities  and  terminating  repeaters  designed  for  private  line  service 
are  used  for  the  TWX  trunks.  Connections  to  these  trunks  are  made 
at  the  test  board  distributing  frame  and  the  trunks  are  cabled  to  the 
TWX  distributing  frame.  Here  arrangements  are  provided  for  in- 
serting a  single-line  repeater,  which  is  necessary  for  converting  the 
positive  and  negative  130-volt  signals  to  positive  and  negative  48-volt 
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signals  for  transmission  through  the  switchboard.  The  trunk  is  then 
carried  to  the  teletypewriter  test  board  where  a  termination  is  provided 
for  the  purpose  of  testing  the  equipment.  From  the  test  board  the 
trunk  is  cabled  through  the  relay  equipment  to  the  distributing  frame, 
where  it  is  cross-connected  to  the  switchboard  multiple,  the  multiple 
for  all  three  lines  of  switchboard  being  doubled  up  at  the  distributing 
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Fig.  4 — Diagram  of  cabling  for  subscriber  lines  on  No.  1  Teletypewriter  Switchboard. 


frame  terminal  strips.  Ordinarily,  with  the  inverted  subscriber 
multiple  arrangement,  there  will  be  a  capacity  for  480  inter-toll  trunks 
equipped  with  answering  lamps  in  the  first  two  lines  of  switchboard. 
However,  opportunity  is  provided  for  increasing  this  capacity  by  the 
provision  of  the  separate  inward  and  through  switchboard.  As 
described  above,  the  lamps  in  this  inward  board  may  be  omitted  from 
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the  subscribers'  multiple.  This  arrangerhent  provides  sufficient  space 
for  the  installation  of  840  trunks  equipped  with  answering  lamps. 
As  all  trunks  are  answered  at  the  separate  inward  switchboard,  the 
answering  lamps  may  be  removed  from  the  trunk  multiple  in  the  two 
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Fig.  5 — Diagram  of  cabling  for  inter-toll  trunks  on   No.   1  Teletypewriter  Switch- 
board. 


outward  switchboards,  thereby  releasing  sufficient  space  for  the  full 
840  trunks  without  the  answering  lamps. 

No.  3 A  Teletypewriter  Switchboard 

The  design  of  a  switchboard  for  the  medium  sized  TWX  switching 

points  was  not  undertaken  until  the  system  had  been  in  operation  for 

about  two  years,  temporary  switching  facilities  having  been  used  at 

these    points    in    the    meantime.     Actual    operating   experience   and 
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traffic  data  were  then  available  upon  which  to  base  the  design  of  the 
switchboard,  a  general  view  of  which  is  shown  in  Fig.  6. 

Efficient  design  requires  that  the  width  of  a  position  be  kept  as 
small  as  possible  to  avoid  the  excessive  cost  of  a  long  switchboard 
multiple.  Because  the  smaller  capacity  required  for  this  switchboard 
did  not  make  the  vertical  reach  an  important  factor,  a  key-shelf 
arrangement  different  from  that  used  for  the  No.  1  switchboard  was 
adopted. 

Instead  of  placing  the  teletypewriter  and  cords  on  the  same  level 
as    in     the     No.    1    switchboard,    the    cords    are    placed    above    the 


Fig.  6— No.  3A  Teletypewriter  Switchboard  at  Pittsburgh,  Pa. 

teletypewriter.  This  was  accomplished  by  the  use  of  a  sloping  key- 
shelf  permitting  the  cords  to  pass  by  the  teletypewriter  in  the  manner 
shown  by  the  cross-sectional  view  in  Fig.  7.  With  the  object  of 
keeping  the  vertical  height  of  the  keyshelf  as  small  as  possible,  the 
cords  are  located  in  a  single  horizontal  row  instead  of  in  the  con- 
ventional double  row.  With  this  arrangement,  the  answering  cord  is 
the  left  cord  of  a  pair  and  the  calling  cord  is  the  right  cord.  Differ- 
entiation is  obtained  by  using  colored  plug  shells,  black  for  the  answer- 
ing cord  and  red  for  the  calling  cord. 

An  additional  feature  resulting  from  this  relation  of  the  keyshelf  to 
the  teletypewriter  is  an  arrangement  whereby  the  position  may  be 
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adjusted  to  include  various  numbers  of  cords.  This  flexibility  is 
obtained  by  the  location  of  the  teletypewriter  on  a  table  separate  from 
the  switchboard,  connections  being  made  by  a  flexible  plug-ended 
cord.  This  permits  the  location  of  the  teletypewriter  in  front  of  any 
group  of  cords.  A  position  jack  is  provided  in  each  section  which 
affords  facilities  for  operators  spaced  on  minimum  centers  of  20^  inches, 
each  operator  having  access  to  a  maximum  of  10  cords.     This  repre- 


Fig.  7— Sectional  view  of  No.  3A  Teletypewriter  Switchboard. 

sents  the  closest  centers  which  can  be  obtained  with  sufftcient  physical 
room  for  operating.  Although  the  switchboards  are  usually  engineered 
on  the  more  ample  operating  centers  of  about  25|  inches,  the  design 
permits  the  reduction  of  these  centers  to  the  20|  inch  dimension  in 
the  event  that  more  operators  are  required  for  unexpected  increases 
in  trafific.  If  traffic  conditions  change  or  the  inward  and  through 
traffic  is  segregated,  thus  necessitating  positions  equipped  with  more 
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cords,  the  width  of  the  position  can  be  increased  to  include  the  number 
of  cords  required. 

The  switchboard  is  divided  into  sections,  each  having  two  panels  and 
each  arranged  for  a  position  circuit.  The  section  is  an  arbitrary 
division  of  the  switchboard  for  constructional  purposes  and  has  no 
bearing  on  the  position  boundaries.  All  keys  and  cords  in  a  section 
are  terminated  on  terminal  strips  in  the  rear.  The  cord  relay  equip- 
ment is  furnished  in  units  of  10  circuits,  each  unit  being  equipped 
with  terminal  strips  so  located  that,  when  a  unit  is  placed  in  the  rear 
of  a  section,  the  terminal  strips  come  directly  under  the  section 
terminal  strips.  Distributing  rings  above  the  two  rows  of  terminal 
strips  provide  facilities  which  permit  any  relay  equipment  to  be 
cross-connected  to  any  keyshelf  cord  equipment. 

The  engineering  of  this  switchboard  is  thus  reduced  to  a  very 
simple  process.  The  number  of  cords  required  per  operator  is  deter- 
mined by  the  anticipated  trafhc  data.  From  this  information  the 
width  of  each  position  is  determined.  The  sum  of  the  positions 
required  to  handle  the  peak  load  represents  the  total  length  of  the 
switchboard  and  determines  the  total  number  of  sections  required. 
Cord  units  are  then  provided  in  the  rear  of  the  switchboard.  The 
cords  required  for  each  position  are  then  cross-connected  to  relay 
circuits  on  the  cord  units  which  are  in  turn  cross-connected  to  the 
nearest  position  circuit.  Teletypewriters  are  moved  in  front  of  the 
various  groups  of  cords  and  plugged  into  the  jacks  for  their  position 
circuits.  Should  conditions  require  a  different  assignment  of  cords, 
they  may  be  recross-connected  to  meet  the  new  requirements  and  the 
teletypewriters  moved  to  new  positions. 

No.  3 A  Teletypewriter  Multiple  Equipment 
For  convenience,  the  operator's  vertical  reach  for  lines  with  answer- 
ing lamps  has  been  defined  as  30  inches  above  the  standard  type  of 
keyshelf.  From  the  lower  edge  of  the  keyself,  which  prevents  the 
operator  from  rising  to  reach  farther,  the  permissible  reach  is  35  inches. 
Deducting  the  space  required  for  the  teletypewriter  and  keyshelf 
equipment,  there  remains  14^  inches  available  for  multiple  below  the 
35  inch  reach  limit.  About  2f  inches  of  this  space  is  required  for 
unattended  line  terminations  and  miscellaneous  multiple,  leaving  a 
space  of  11|  inches  for  the  subscriber  line  multiple. 

This  space  provides  for  the  capacities  shown  in  Fig.  8,  which  are  in 
terms  of  ratios  of  subscribers  lines  to  inter-toll  trunks.  This  curve  is 
based  on  the  use  of  a  6-panel  multiple  which,  with  the  lOj  inch  panel 
r(>f|uirod  for  the  type  49  jack  used,  results  in  a  horizt)ntal  reach  of 
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30|  inches.  It  may  be  seen  that,  with  a  ratio  of  7.5  subscriber  lines  to 
one  trunk,  a  capacity  of  about  1,300  Hues  is  obtainable.  Because  the 
ratio  of  trunks  to  subscriber  lines  is  somewhat  ^^reater  on  small  switch- 
boards than  on  the  larger  boards,  due  to  the  relative  inefficiency 
of  smaller  trunk  groups,  the  multiple  is  designed  on  the  basis  of  1,200 
subscriber  lines  and  240  inter-loll  trunks  which  gives  a  ratio  of  five 
subscriber  lines  to  one  trunk. 
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Fig.  8 — Curve  showing  variation  of  subscriber  line  capacity  for  No.  3A  Teletype- 
writer Switchboard. 


Circuit  Functions 

The  foregoing  paragraphs  have  given  a  picture  of  the  physical 
arrangement  of  the  more  important  switchboards,  and  an  idea  of  the 
number  of  subscriber  lines  and  inter-toll  trunks  that  can  be  accom- 
modated by  each.  Some  idea  must  also  be  given  of  the  circuit  methods 
by  means  of  which  connections  are  established  between  the  various 
subscribers  and  supervised  by  the  operators. 

Subscriber  Station  and  Station  Circuit 

The  basic  instrument  by  means  of  which  the  subscriber  sends  and 
receives  his  message  is  the  teletypewriter.  It  is  not  proposed  to  give 
here  a  description  of  the  teletypewriter  as  this  is  discussed  in  other 
papers.  Other  equipment,  however,  is  required  in  addition  to  the 
teletypewriter  to  provide  for  the  necessary  signaling  facilities  for  the 
exchange  service. 

A  typical  installation  in  a  subscriber's  office  is  shown  in  Fig.  9. 
The  arrangement  shown  provides  for  the  No.  15  (page)  tele- 
typewriter, used  predominantly  in  the  TWX  service,  mounted  on  a 
table  which  has  been  designed  to  provide  adequate  mounting  facilities 
for  the  signaling  equipment.  This  table  is  arranged  with  a  removable 
panel  known  as  a  control  panel,  which  is  mounted  in  an  opening  in  the 
top  of  the  table  to  the  right  of  the  teletypewriter  to  make  the  key 
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levers  readily  accessible  to  the  attendant.  The  control  panel  equip- 
ment may  be  varied  to  meet  the  different  service  requirements. 
Space  is  available  on  a  shelf  on  the  inside  for  a  rectifier  or  an  apparatus 
bo.x  where  this  additional  equipment  is  necessary. 


Fig.  9 — Typical  teletypewriter  subscriber  equipment  for  attended  service. 


A  typical  circuit  arrangement  for  a  station  connected  to  a  TWX 
switchboard  is  shown  in  Fig.  10.  The  station  is  equipped  with  a 
switch  which,  w^hen  operated,  applies  power  to  the  motor  of  the 
teletypewriter,  and  also  closes  the  loop  so  that  a  relay  in  the  central 
office  is  energized.  This  relay  lights  the  answering  lamps  associated 
with  the  subscriber's  multiple  in   the  face  of  the  switchboard.     An 
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operator  answers  by  plugging  the  answering  plug  of  a  cord  circuit  into 
the  jack.  This  action  by  the  operator  connects  the  station  line  to  the 
cord  circuit,  and  in  addition  energizes  another  winding  of  the  relay 
previously  energized  when  the  subscriber  called.  This  relay,  being 
differentially  wound,  is  then  released  and  the  answering  lamps  are 
extinguished. 

In  addition  to  calling  the  central  ofihce  the  subscriber  must  be  able 
to  recall  the  operator  in  case  new  services  are  required  during  the 
progress  of  the  communication.  This  is  accomplished  by  the  sub- 
scriber simply  turning  the  power  switch  off  and  then  on  again,  which 
causes  certain  relays  in  the  cord  circuit  to  operate  and  the  cord  lamp 
to  flash  intermittently,  indicating  to  the  operator  that  her  services 
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Fig.  10 — Fundamental  teletypewriter  circuit. 

are  required.  The  subscriber  must  also  be  able  to  indicate  to  the 
operator  when  a  disconnection  has  been  made.  This  is  accomplished 
by  the  subscriber  turning  off  the  power  switch,  causing  the  motor  of 
the  teletypewriter  to  stop  and  a  lamp  in  the  cord  circuit  to  light. 

The  operator  must  also  be  able  to  signal  the  subscriber  that  a  call 
is  being  completed  to  him.  To  provide  this  signal  the  station  is 
equipped  with  a  standard  telephone  type  ringer  which  is  energized, 
when  the  station  is  in  the  idle  condition,  by  20-cycle  alternating  current 
which  flows  over  one  side  of  the  loop  when  the  operator  depresses  a 
ringing  key  in  the  cord. 

The  teletypewriter  lends  itself  admirably  to  the  function  of  leaving 
messages  on  the  subscriber's  machine  when  no  one  is  in  attendance. 
When  such  service,  known  as  unattended  service,  is  desired,  the  station 
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is  similar  to  that  already  described,  but  additional  equipment  is 
provided  for  starting  the  motor  from  the  switchboard.  An  attempt 
is  made  to  complete  the  call  on  an  attended  basis  as  outlined  above 
and,  if  the  called  subscriber  does  not  answer,  the  operator  asks  the 
calling  subscriber  if  he  wishes  to  leave  his  message.  If  he  does,  she 
presses  a  key  in  the  cord  circuit,  which  starts  the  motor  at  the  absent 
subscriber's  teletypewriter.  The  operator  then  instructs  the  calling 
subscriber  to  proceed  with  the  communication. 

Long  Subscriber  Lines 

The  subscriber  stations  just  discussed  are  connected  to  the  central 
office  by  two  wires,  known  as  a  loop,  the  maximum  distance  between 
station  and  switchboard  for  loop  connections  being  approximately 
38  miles.  A  network  is  placed  in  the  loops  where  the  mileage  makes  its 
use  necessary  to  improve  the  transmission  efficiency. 

It  is  necessary  in  some  instances  to  connect  subscribers  situated  at 
greater  distances  from  the  switchboard,  perhaps  as  much  as  200  or 
250  miles.  Two  methods  are  available  for  accomplishing  this:  the 
d-c.  method  using  telegraph  facilities,  and  the  carrier  method  using 
telephone  facilities. 

\A'ith  the  d-c.  method  a  standard  telegraph  repeater  is  used  at  the 
central  office,  and  a  simplified  repeater  is  placed  on  the  subscriber's 
premises.  These  repeaters,  with  suitable  signaling  apparatus,  provide 
a  high  grade  of  transmission  and  also  the  same  type  of  supervisory 
signals  as  would  obtain  on  the  shorter  loop  connection. 

The  carrier  method  is  used  to  a  limited  extent  in  the  few  instances 
where  telegraph  facilities  are  not  available.  In  this  method  both  the 
central  office  and  the  station  are  equipped  with  carrier  apparatus  and 
the  regular  telephone  facilities  are  used.  When  the  subscriber  oper- 
ates the  power  switch  of  the  station,  an  answering  lamp  is  lighted 
before  the  operator  of  the  local  telephone  switchboard.  The  local 
operator,  knowing  by  the  multiple  marking  that  this  is  a  teletype- 
writer station,  immediately  connects  through  to  the  TWX  switchboard 
over  the  regular  toll  telephone  facilities.  When  the  TWX  switch- 
board is  reached  the  call  is  handled  in  the  same  manner  as  a  regular 
d-c.  telegraph  connection.  All  the  signaling  facilities  available  for 
the  other  subscriber  stations  are  also  available  here.  Completion  to 
the  subscriber  is  also  made  by  the  TWX  operator  over  the  regular 
toll  telephone  facilities,  and  the  local  telephone  operator  at  the  switch- 
board to  which  the  subscriber  is  connected  rings  the  subscriber. 

Inter-toll  Trunk  Supervision 
To  provide  inter-toll   trunk  supervision  in  the   TWX  network,  it 
was  necessary  to  select  different  types  of  signals  than  those  occurring 
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during  the  normal  transmission  pericxi  of  the  teletypewriter;  that  is, 
the  code  and  "break"  signals. 

Three  types  of  supervisory  signals  are  required  to  be  sent  over  the 
inter-toll  trunk.  These  are  (1)  the  call  signal,  (2)  the  recall  signal, 
and  (3)  the  disconnect  signal.  There  is  a  fundamental  difference, 
however,  between  the  call  signal  and  the  others  in  that  it  is  applied 
to  the  trunk  only  when  the  stations  are  not  connected.  When  the 
stations  are  connected  the  apparatus  for  receiving  the  call  is  removed 
from  Ihe  trunk.     The  calling  signal  can  therefore  be  any  type  of  signal 
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Fig.  11 — Selector  used  for  timing  supervisory  signals. 

with  the  limitation  that  it  must  be  such  that  it  will  not  be  produced 
by  ordinary  interruptions  of  the  line,  or  line  "hits." 

The  three  types  of  supervisory  signals  chosen  are  therefore : 

1.  The  call  signal,  produced  bv  sending  a  spacing  signal  of  2  seconds. 

2.  The  recall  signal,  produced  bv  sending  a  spacing  signal  of  7  seconds. 

3.  The  disconnect  signal,  produced  by  sending  a  spacing  signal  of  10  seconds. 

To  permit  sending  these  signals,  use  is  made  of  a  mechanism  that 
will  measure  the  length  of  the  signal.  The  basic  apparatus  used  to 
measure  this  time  is  the  selector  shown  in  Fig.  11.  By  the  use  of  this 
selector  in  conjunclion  with  a  ground  interrupted  60  times  per  minute, 
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it  is  possible  to  obtain  a  means  of  measuring  a  line  "open"  within  a 
sufficient  degree  of  accuracy. 

A  typical  method  of  sending  and  receiving  the  timed  spacing  signals 
or  "opens"  is  shown  in  Fig.  12.  The  method  of  sending  is  shown  at 
(A),  and  the  method  of  receiving  at  (B).  To  send  a  recall  signal,  the 
operator  at  (A)  presses  the  toll  signal  key  momentarily  leaving  the  cord 
up,  the  sleeve  relay  therefore  remaining  operated.  The  closure  of  the 
toll  signal  key  operates  relay  A.  Relay  A  operated  opens  the  loop 
circuit  at  both  ends  of  the  trunk,  releasing  relays  B  and  C.  Relay  B 
released  closes  a  circuit  which  causes  the  selector  to  step  at  the  rate 
of  60  steps  a  minute.  The  release  of  relay  C  causes  relay  D  to  release 
and  provide  a  circuit  for  the  selector  at  (B)  to  step  at  the  same  rate. 
When  the  selector  at  (A)  reaches  the  first  point  it  locks  relay  A  and 
both  selectors  continue  to  step  until  the  selector  at  (A)  reaches  the 
seventh  point,  when  the  locking  circuit  of  relay  A  opens  and  that 
relay  releases,  closing  the  circuit  and  reoperating  relays  B,  C,  and  D. 
The  reoperation  of  relay  B  energizes  the  release  magnet  of  the  selector 
through  the  off  normal  contacts  which  cause  the  selector  at  (A)  to 
release.  At  (B),  when  the  selector  reaches  the  sixth  point,  relay  K 
operates  and,  when  relay  C  reoperates,  ground  is  connected  through 
the  contacts  of  relays  K,  L,  and  M  to  operate  relay  N.  Relay  N 
connects  ground  to  the  cord  lamp,  lighting  it.  Relay  N  when  operated 
also  connects  ground  to  relay  M  which  locks  under  control  of  contact  P. 
When  relay  C  reoperates  ground  is  also  connected  to  relay  D  which 
reoperates.  Battery  is  then  connected  to  the  release  magnet  and  the 
selector  releases.  After  a  time  relay  K,  which  is  slow  to  release,  also 
releases  causing  relay  N  to  release.  The  release  of  N  connects  ground 
interrupted  at  the  rate  of  60  times  per  minute  to  the  lamp  which 
flashes  until  contact  P  is  opened  by  the  typing  key,  releasing  re- 
lay M. 

To  send  a  disconnect  signal,  the  same  operations  take  place  at  (A) 
except  that,  immediately  after  the  cord  key  is  operated,  the  cord  is 
pulled  down,  releasing  the  sleeve  relay,  and  causing  the  selector  at 
both  ends  to  continue  to  the  tenth  point.  At  (B)  when  the  selector 
reaches  the  tenth  point  relay  L  operates  and,  when  relay  C  reoperates, 
ground  is  applied  to  operate  relays  M  and  TV  which  hold  a  steady 
ground  on  the  cord  lamp  until  the  cord  is  pulled  down. 

These  signals  appear  at  all  offices  in  a  built-up  connection.  The 
frequency  of  the  machines  supplying  the  60  interruptions  per  minute 
is  accurate  to  within  plus  or  minus  five  per  cent,  and  the  multiple  con- 
nections on  the  receiving  selector  bank  take  up  any  inequalities  that 
may  exist  in  the  speed  of  the  machines  in  two  different  ofiftces. 
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That  section  of  the  receiving  selector  between  terminals  1  to  5 
inclusive  is  used  for  the  call  signal  which  is  actuated  manually  by  the 
originating  operator. 

Cord  Circuits 
In  order  to  provide  each  operator  with  sufficient  traffic  for  operating 
efficiency,  especially  in  the  smaller  offices  and  during  light  load  periods, 
the  cord  circuits  in  the  TWX  switchboards  are  made  universal,  that  is, 
adapted  to  handling  all  types  of  calls.  This  universal  feature  is 
obtained  by  equipping  them  with  a  simple  type  of  repeater.  By 
means  of  this  repeater  it  is  possible  to  provide  for  the  maximum 
length  of  station  loop  and  at  the  same  time  establish  the  following 
connections: 

1.  Subscriber  line  to  subscriber  line,  known  as  a  local  to  local  connection. 

2.  Inter-toll  trunk  to  subscriber  line,  or  vice  versa,  known  as  a  toll  to  local  connection, 

or  local  to  toll  connection. 

3.  Inter-toll  trunk  to  inter-toll  trunk,  known  as  a  through  connection. 

In  a  local-to-local  connection  the  two  loops  could  not  be  connected 
together  directly  unless  the  repeater  were  provided  in  the  cord  circuit 
for  two  reasons:  first,  each  loop  may  be  maximum  in  length  so  that  the 
two  loops  in  tandem  would  result  in  the  operating  current  being  halved ; 
and  second,  each  loop  is  normally  terminated  on  the  negative  side  of 
the  telegraph  battery.  Because  it  is  essential,  in  TWX  service,  to 
make  interconnections  without  requiring  adjustments,  all  loops  are 
padded  or  "built  out"  to  the  same  value  as  the  resistance  of  a  maxi- 
mum loop  and  each  side  of  the  cord  circuit  repeater  is  arranged  to 
operate  with  each  loop. 

With  the  provision  of  the  repeater  in  the  cord  circuit  to  permit 
interconnecting  two  subscriber  lines,  the  same  cord  may  be  used  for 
toll-to-local  and  toll-to-toll  connections  because  the  loop  circuits  of 
the  inter-toll  trunk  repeaters  are  all  terminated  on  the  negative  side 
of  the  telegraph  battery  and  the  loop  resistance  of  each  is  built  out  to 
equal  that  of  the  longest  station  loop. 

A  very  simplified  form  of  the  essential  elements  of  a  TWX  cord 
circuit  is  shown  in  Fig.  13.  The  cord  circuit  basically  consists  of  a 
repeater  of  the  type  before  mentioned,  a  key  known  as  the  typing 
key,  by  means  of  which  the  operator  may  cut  her  teletypewriter  in 
and  out  of  the  circuit  for  monitoring  purposes,  and  facilities  for 
receiving  the  recall  and  disconnect  signals  both  from  the  subscriber 
lines  and  the  inter-toll  trunks. 

The  method  of  receiving  these  recall  and  disconnect  signals  was 
explained  in  the  section  on  inter-toll  trunk  supervision,  and  the  method 
used   to  receive  those  from   the  subscriber  was  pointed  out  in   the 
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subscriber  circuit  description.  Many  other  items  are  included  in  the 
cord  circuit  by  means  of  which  the  operator  may  expedite  the  setting 
up  and  removing  of  coniu'ctions.  Among  these  items  is  the  busy  test. 
When  an  operator  is  about  to  complete  a  call  to  a  station  it  is  necessary 
that  she  know  that  the  station  is  free  to  receive  the  call.  To  ascertain 
this  a  means  is  provided  so  that  she  may  make  a  (ij)  busy  test  on  the 
sleeve  of  the  jack  associated  with  that  subscriber  line  and,  if  the 
station  is  busy,  a  position  light  will  be  lit.  If  no  light  is  received  the 
operator  will  plug  into  the  jack  and  complete  the  connection. 

Multiple    appearances    of    the    jacks    and    lamps    associated    with 
subscriber  lines  and  inter-toll  trunks  are  provided  so  that  a  number  of 
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Fig.  13^ — Typical  cord  circuit. 


operators  may  be  available  to  answer  a  call  from  a  station  or  an 
inter-toll  trunk.  If  more  than  one  operator  answers  it  is  necessary 
that  they  be  aware  of  that  fact,  and  that  the  first  operator  shall  take 
and  complete  the  call.     A  circuit  is  provided  to  indicate  this. 

Facilities  are  provided  to  split  the  cord,  that  is,  to  enable  the 
operator  to  communicate  in  one  direction  without  the  communication 
being  recorded  in  the  other  direction.  Ringing  is  accomplished  in  a 
manner  similar  to  that  used  in  telephone  practice,  the  No.  1 
switchboard  using  manual  start  machine  ringing  and  the  smaller 
No.  3.4  switchboard  using  manual  ringing.  While  the  cord  is 
connected  to  one  line  and  the  operator  is  attempting  to  complete 
the  connection  to  another  line,  the  first  line  is  held  closed  in  order  not 
to  mar  transmission. 
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Conference  Connections 

The  teletypewriter  exchange  system  provides  a  means  whereby 
practically  unlimited  numbers  of  stations  can  be  connected  in  con- 
ference connections.  Figure  14  shows  a  typical  conference  connection. 
Each  link  in  the  conference  circuit  is  provided  with  a  simple  repeater, 
each  of  which  is  equipped  for  breaking.  In  this  manner  to  and  fro 
communication  by  the  half-duplex  method  operation  can  be  attained. 
The  conference  repeater  circuits  are  made  up  in  groups  of  five  or  ten, 
each  of  which  is  equipped  with  a  multiple  appearance  so  that  all 
operators  have  access  to  the  repeaters. 


O  SWITCHBOARD 
O    SUBSCRIBER 


Fig.  14 — Typical  conference  connection. 

Regenerative  Repeaters 

It  is  necessary  in  some  long  circuits  to  improve  transmission  by 
inserting  a  regenerative  repeater  in  the  circuit.  To  make  this  possible 
and  easily  performed  by  any  operator,  regenerative  repeaters  are 
provided  with  a  complete  jack  multiple  appearing  before  all  operators. 
Both  ends  of  the  repeater  are  available  in  this  multiple  and  the  repeater 
may  be  inserted  where  the  transmission  equivalent  of  the  circuit 
involved  makes  it  necessary. 

Typical  Built-Up  Connection 

In  order  to  provide  TWX  service  on  a  nationwide  basis,  certain  of 
the  connections  require  one  or  more  intermediate  switchboards  so 
that  one  or  more  through  operators  may  be  involved.  As  an  illustra- 
tion of  this  Fig.  15  shows  a  connection  established  between  a  calling 
station  in  New  York  and  a  called  station  in  San  Francisco  with  a 
through  switch  at  Chicago,  a  method  used  when  all  direct  trunks  are 
busy.     This  figure  shows  the  manner  in  which  the  TWX  equipment 
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has  been  arranged  to  operate  in  conjunction  willi  the  telegraph  line 
facilities.  The  station  loop  is  a  pair  of  wires  such  as  those  used  for 
telephone  service.  Each  inter-toll  trunk  consists  of  one  or  more 
sections  of  the  same  standard  types  of  carrier,  metallic,  or  grounded 
telegraph  line  systems  that  are  employed  in  private  line  telegraph 
service.  The  signaling  and  supervisory  apparatus  is  all  contained  in 
the  TWX  switchboard  equipments. 


Fig.  15 — A  built-up  connection  such  as  would  be  used  if  all  direct  New  York-San 
Francisco  trunks  were  busy. 


In  the  example  illustrated  the  New  York  operator,  being  the 
outward  operator,  supervises  the  call  and  times  the  ticket.  The 
following  traffic  table  shows  the  important  steps  taken  in  setting  up 
and^taking  down  this  connection : 

1 .  The  New  York  subscriber  calls:  Subscriber  closes  loop  and  starts  teletypewriter 
by  operating  switch.     Subscriber  line  lamps  light  in  the  New  York  switchboard. 

2.  A  New  York  operator  answers  with  the  cord  typing  key  {similar  in  function  to 
the  talking  key  in  the  telephone  cord  circuit)  operated:  The  line  lamps  are  extinguished. 
The  operator  and  subscriber  communicate. 
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3.  The  New  York  operator  connects  to  an  idle  trunk  in  the  New  York-Chicago  mul- 
tiple: Plugs  the  completing  end  of  the  cord  into  the  trunk  jack  and  operates  the  cord 
ringing  kev  for  2  seconds.     The  trunk  multiple  lamps  at  Chicago  light. 

4.  A  Chicago  operator  answers:  Plugs  the  answering  end  of  a  cord  into  the  trunk 
jack  with  the  cord  typing  key  operated.  The  trunk  lamps  are  extinguished.  The 
Chicago  operator  communicates  with  the  New  York  operator.  ^ 

.'>.  The  Chicago  operator  completes  to  an  idle  trunk  in  the  Chicago-San  Francisco 
multiple:  Plugs  the  completing  end  of  the  cord  into  an  idle  trunk  jack  and  operates 
the  cord  ringing  key  for  2  seconds.  Releases  typing  key.  The  trunk  multiple  lamps 
at  San  F'rancisco  light. 

6.  A  San  Francisco  operator  answers:  Plugs  the  answering  end  of  a  cord  into  an 
idle  trunk  jack  with  the  cord  typing  key  operated.  The  trunk  lamps  are  extinguished. 
The  San  Francisco  operator  communicates  with  the  New  York  operator. 

7.  The  San  Francisco  operator  completes  the  connection  to  the  called  subscriber  line: 
After  making  a  tip  busy  test  with  completing  cord  to  insure  that  the  called  station  is 
idle  the  San  Francisco  operator  plugs  into  the  jack  and  operates  the  ringing  key  in 
that  cord.     The  ringer  in  the  San  Francisco  station  is  operated. 

8.  The  called  subscriber  answers:  The  answer  is  received  on  the  operators'  tele- 
typewriters at  the  San  Francisco  and  New  York  switchboards  and  at  the  New  York 
subscriber  station.  The  San  Francisco  and  New  York  operators  release  the  cord 
typing  keys  leaving  the  communication  between  the  subscribers.  The  New  York 
operator  starts  timing  the  ticket. 

9.  The  calling  and  called  subscribers  disconnect:  Lamps  A  and  F  light.  The  New 
York  operator  completes  the  timing  of  the  ticket. 

10.  The  outward  {New  York)  operator  sends  the  discojinect  signal:  Operates  cord 
key  momentarily  and  pulls  down  both  cords.  After  10  seconds  lamps  C,  D,  and  E 
light. 

11.  The  inward  {San  Francisco)  and  through  {Chicago)  operators  disconnect: 
Upon  noting  the  disconnect  lamp  signals  both  operators  pull  down  both  cords. 

If  during  the  progress  of  the  call  the  subscriber  desires  to  regain 
the  attention  of  the  operator,  a  recall  signal  is  sent.  The  procedure 
in  this  case  is  as  follows: 

12.  The  calling  {or  called)  subscriber  recalls:  Operates  power  switch  at  the  station. 
Cord  lamp  A  (or  F)  flashes. 

13.  The  operator  answers  the  recall:  Operates  cord  typing  key  connecting  her  tele- 
typewriter to  the  circuit.     The  flashing  cord  lamp  is  extinguished. 

14.  The  outward  {New  York)  operator  recalls  the  inward  and  through  operator  at 
Chicago:  Operates  recall  key  in  cord.  After  7  seconds  lamps  B,  C,  D,  and  E  flash. 
The  outward  operator  releases  the  typing  key  momentarily  to  extinguish  the  lamp. 

15.  The  inward  a?td  through  {San  Francisco  and  Chicago)  operators  challenge: 
Operate  cord  typing  keys  which  extinguish  the  flashing  lamps,  and  then  challenge  by 
typing. 

Conclusion 

This  paper  has  outlined  the  technique  of  teletypewriter  switchboard 
operation  as  it  stands  today.  Although  the  designs  as  here  outlined 
have  given  satisfactory  service  within  due  limits  of  economy,  the 
expansion  of  the  system  and  experience  in  its  operation  will  un- 
doubtedly lead  to  changes  in  the  design  of  both  the  equipment  and 
circuits  and  to  changes  in  the  methods  of  operation  to  increase  the 
efficiency  and  improve  the  quality  of  the  service. 


A  Transmission  System  for  Teletypewriter  Exchange 

Service  * 

By  R.  E.  PIERCE  and  E.  W.  BEMIS 

A  nationwide  transmission  system  has  been  established  in  the  United 
States  for  teletypewriter  exchange  service  by  means  of  which  2-way  com- 
munication between  teletypewriter  subscribers  can  bo  established  in  a  time 
comparable  to  that  required  for  long  distance  telephone  service.  A  brief 
description  of  the  principle  of  operation  of  teletypewriters  is  included  in  this 
paper  as  an  introduction  to  the  discussion  of  the  transmission  requirements 
and  the  plan  of  the  present  system. 

TO  MEET  the  growing  needs  of  business  organizations,  par- 
ticularly those  operating  on  a  nationwide  basis  with  branches  at 
widely  separated  locations,  there  has  developed  in  the  United  States  an 
extensive  use  of  private  line  telegraph  service.  This  trend  has  been 
accelerated  by  the  perfection  of  the  teletypewriter,  which  makes  it 
possible  for  regular  office  employees  to  transmit  and  receive  com- 
munications without  a  large  amount  of  special  training.  Some  of  these 
private  line  teletypewriter  networks  have  been  provided  with  switching 
facilities  to  permit  the  customer  to  set  up  connections  between  his 
various  offices  or  groups  of  offices  as  desired.  As  these  arrangements 
were  perfected  and  as  the  public  gained  experience  with  the  teletype- 
writer method  of  communication,  a  demand  developed  for  a  tele- 
typewriter service  in  which  all  connections  would  be  set  up  on  a 
switched  basis  similar  to  that  provided  for  spoken  conversation  by 
the  telephone  system.  To  meet  this  demand  teletypewriter  exchange 
service  or  as  it  is  usually  called,  TWX  service,  was  inaugurated  by  the 
Bell  System  in  November  1931. 

Briefly  described,  teletypewriter  exchange  service  makes  available 
to  subscribers  a  complete  communication  system  for  the  written  word, 
consisting  of: 

(a)  Teletypewriters  for  sending  and  receiving,  installed  on  the  customers'  premises 

with  a  connection  to  a  nearby  switching  center. 

(b)  Transmission  channels  interconnecting  all  of  the  switching  centers. 

(c)  Teletypewriter  switchboards  for  connecting  the  subscribers'  stations  and  loops 

to  each  other  or  to  the  inter-city  transmission  channels  and  for  making  through 
connections  between  inter-city  circuits. 

This  system  provides  for  direct  teletypewriter  connections  between 
the  customers  or  their  employees  at  the  sending  point  and  at  the 
receiving  points.     The  connection  is  two-way  so  that  questions  can 

*  Published  in  Electrical  Engineering,  September,  1936.  Presented  at  A.I.E.E. 
Southwest  District  meeting,  Dallas,  Texas,  October  26-28,  l<)36. 
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be  asked  and  answers  given.  The  speed  with  which  the  connection  is 
estabHshed  is  comparable  to  that  experienced  in  long  distance  tele- 
phone service,  the  average  being  about  1.3  minutes  from  the  time  a 
subscriber  calls  the  operator  until  the  conversation  between  subscribers 
begins.  The  service  has  grown  until  at  the  present  time  there  are 
over  8,500  *  subscriber  stations  which  may  be  connected  together  in 
pairs  or  in  groups  for  teletypewriter  communication.  The  switching 
is  done  at  about  150  switching  centers  scattered  throughout  the 
United  States  as  shown  in  Fig.  1  and  connected  by  over  500,000  miles 
of  telegraph  circuit. 

This  paper  deals  primarily  with  the  transmission  system  used  for 
passing  the  teletypewriter  code  signals  between  the  customers.  The 
details  of  the  switchboards  and  signaling  facilities,  and  the  methods  of 
handling  customers'  connections  are  described  in  another  paper. ^ 
With  the  exception  of  the  switchboards,  the  equipment  used  in  TWX 
service  is  similar  to  that  used  in  other  telegraph  services. 

The  teletypewriters  are  provided  with  a  keyboard  similar  to  that 
of  a  typewriter  for  sending,  and  the  typing  is  done  in  capital  letters 
either  on  a  narrow  tape  or  on  a  page,  the  page  being  used  in  the  large 
majority  of  the  stations.  Printed  forms  may  be  used  on  the  page 
machines  if  desired.  The  speed  of  operation  is  set  for  a  maximum  of 
60  words  per  minute.  The  teletypewriters  are  of  the  start-stop  type, 
using  a  5-unit  selecting  code,  each  group  of  selecting  impulses  being 
preceded  by  a  start  impulse  and  followed  by  a  stop  impulse.  The 
teletypewriter  mechanism  is  operated  from  a  local  source  of  power, 
and  in  general  all  signaling  current  is  furnished  from  central  ofifice 
power  plants. 

The  line  circuits  may  be  any  of  the  well  known  types  utilizing 
2  current  values  or  line  conditions  of  variable  duration  for  the  trans- 
mission of  signals.  Actually  about  90  per  cent  of  the  circuit  mileage 
used  in  the  TWX  service  is  of  the  carrier  type,  since  this  is  the  most 
economical  type  of  facility  for  large  groups  over  the  longer  distances. 
The  line  circuits  will  be  discussed  in  more  detail  in  another  section  of 
the  paper. 

Elements  of  Teletypewriter  Signal  Transmitting  and 

Receiving  Mechanism 

To  translate  intelligence  which  is  received  in  the  form  of  a  code  the 

receiving  mechanism  must  be  capable  of  doing  two  things.     First,  it 

must  identify  the  unit  time  intervals,  and  second,  it  must  determine 

which  of  the  2  line  conditions  should  be  recorded  for  each  time  interval. 

*  Since  this  paper  was  prepared  the  number  of  subscriber  stations  has  increased 
to  over  9,500. 

^  For  all  numbered  references  see  list  at  end  of  paper. 
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be  asked  and  answers  given.  The  speed  with  which  the  connection  is 
established  is  comparable  to  that  experienced  in  long  distance  tele- 
phone service,  the  av'erage  being  about  1.3  minutes  from  the  time  a 
subscriber  calls  the  operator  until  the  conversation  between  subscribers 
begins.  The  service  has  grown  until  at  the  present  time  there  are 
over  8,500  *  subscriber  stations  which  may  be  connected  together  in 
pairs  or  in  groups  for  teletypewriter  communication.  The  switching 
is  done  at  about  150  switching  centers  scattered  throughout  the 
United  States  as  shown  in  Fig.  1  and  connected  by  over  500,000  miles 
of  telegraph  circuit. 

This  paper  deals  primarily  with  the  transmission  system  used  for 
passing  the  teletypewriter  code  signals  between  the  customers.  The 
details  of  the  switchboards  and  signaling  facilities,  and  the  methods  of 
handling  customers'  connections  are  described  in  another  paper.' 
With  the  exception  of  the  switchboards,  the  equipment  used  in  TWX 
service  is  similar  to  that  used  in  other  telegraph  services. 

The  teletypewriters  are  provided  with  a  keyboard  similar  to  that 
of  a  typewriter  for  sending,  and  the  typing  is  done  in  capital  letters 
either  on  a  narrow  tape  or  on  a  page,  the  page  being  used  in  the  large 
majority  of  the  stations.  Printed  forms  may  be  used  on  the  page 
machines  if  desired.  The  speed  of  operation  is  set  for  a  maximum  of 
60  words  per  minute.  The  teletypewriters  are  of  the  start-stop  type, 
using  a  5-unit  selecting  code,  each  group  of  selecting  impulses  being 
preceded  by  a  start  impulse  and  followed  by  a  stop  impulse.  The 
teletypewriter  mechanism  is  operated  from  a  local  source  of  power, 
and  in  general  all  signaling  current  is  furnished  from  central  office 
power  plants. 

The  line  circuits  may  be  any  of  the  well  known  types  utilizing 
2  current  values  or  line  conditions  of  variable  duration  for  the  trans- 
mission of  signals.  Actually  about  90  per  cent  of  the  circuit  mileage 
used  in  the  TWX  service  is  of  the  carrier  type,  since  this  is  the  most 
economical  type  of  facility  for  large  groups  over  the  longer  distances. 
The  line  circuits  will  be  discussed  in  more  detail  in  another  section  of 
the  paper. 

Elements  of  Teletypewriter  Signal  Transmitting  and 

Receiving  Mechanism 

To  translate  intelligence  which  is  received  in  the  form  of  a  code  the 

receiving  mechanism  must  be  capable  of  doing  two  things.     First,  it 

must  identify  the  unit  time  intervals,  and  second,  it  must  determine 

which  of  the  2  line  conditions  should  be  recorded  for  each  time  interval. 

*  Since  this  paper  was  prepared  the  number  of  subscriber  stations  has  increased 
to  over  9,500. 

'  For  all  numbered  references  see  list  at  end  of  paper. 
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Fig.  1 — Map  showing  teletypewriter  exchange  service  switching  centers  in  the  United  States  on  April  1,  1936. 
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The  first  requisite  is  accomplished  b>'  mainlaiiiing  a  high  degree  of 
synchronism  between  the  sending  and  receiving  devices  during  the 
transmission  of  each  character.  The  second  is  accompHshed  by 
providing  satisfactory  transmission  facilities  so  that  the  mid-portion 
of  each  received  signal  element  is  the  same  as  the  corresponding  signal 
element  at  the  sending  end. 

Timing  Arrangements 

The  sending  and  receiving  devices  are  driven  by  motors  which  run 
at  approximately  the  same  speed.  The  receiving  device  is  driven 
through  a  friction  clutch  so  that  it  normally  may  be  idle  even  though 
its  motor  is  running.  When  a  signal  is  received  the  receiving  selector 
is  released,  makes  one  complete  revolution,  and  again  comes  to  rest. 
With  this  arrangement  it  is  necessary  to  maintain  synchronism  only 
while  one  character  is  being  transmitted,  because  a  fresh  start  is  made 
for  each  character,  and  the  time  intervals  for  the  selecting  impulses 
are  measured  from  this  starting  point.  Cumulative  lack  of  syn- 
chronism, therefore,  over  long  periods  of  time  does  not  affect  the 
accuracy  of  transmission.     This  is  called  the  start-stop  system. 

The  advantages  of  this  arrangement  are  as  follows : 

(a)     No  elaborate  means  of  synchronizing  are  required. 

Ih)     The  lag  in  the  line  is  automatically  taken  care  of  because  the  receiving  machme 

does  not  start  until  the  first  signal  of  a  code  combination  is  received, 
(c)     Multisection  circuits  and  conference  connections  can  be  set  up  without  any 

special  line-up. 
{d)     Machines  can  be  started  and  shut  down  without  any  special  adjustment, 
(e)     Local  power  sources  can  be  used  for  driving  the  subscriber's  machine. 

In  actual  practice  speed  is  maintained  within  ±  0.75  per  cent  in  either 
of  two  ways: 

1.  Where  regulated  frequency  a-c.  power  is  available,  synchronous  motors 
ordinarily  will  maintain  the  speed  within  ±0.17  per  cent,  which  is  well  within  the 
limit  necessary  for  satisfactory  transmission. 

2.  Where  regulated  frequency  a-c.  power  is  not  available,  governed  motors  are 
used  for  either  alternating  or  direct  current.  These  governors  are  designed  so  as  to 
maintain  the  speed  within  ±0.75  per  cent  without  attention  over  long  periods  of  time. 
If  the  speed  of  the  sending  machine  is  out  in  one  direction  and  that  of  the  receiving 
machine  in  the  opposite,  the  maximum  difference  may  be  1.5  per  cent. 

Assuming  no  deformation  of  the  wave  shape  between  the  sender 
and  the  receiver,  the  start-stop  teletypewriter  operating  at  60  words 
per  minute  will  stand  about  7  per  cent  speed  discrepancy  before  errors 
occur.  In  practice,  however,  there  is  deformation  and  therefore  the 
speed  discrepancy  must  be  kept  as  low  as  practicable. 

Sending  and  Receiving  Arrangements 
The   sending   arrangement   in   a   teletypewriter  is   required    to   do 
three  things: 
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1.  It  must  transmit  a  signal  which  will  start  the  selecting  cycle  of  the  distant 
machine. 

2.  It  must  apply  the  proper  current  condition  to  the  line  for  each  of  the  5  accu- 
rately spaced  selecting  time  intervals. 

3.  It  must  send  a  signal  which  will  return  the  line  to  the  normal  idle  condition. 

The  teletypewriter  operates  in  a  local  circuit  in  which  current  is 
flowing  during  the  normal  idle  condition.  The  transmitting  is  done  by 
opening  and  closing  this  circuit,  causing  zero  current  or  normal 
current  in  it,  the  two  conditions  being  referred  to  as  "open"  and 
"closed."  The  selecting  cycle  of  the  distant  machine  is  initiated  by 
opening  the  circuit  at  the  sending  teletypewriter.  This  is  called  the 
"start"  signal.  The  five  selecting  signals  follow  and  the  line  current 
during  each  of  these  time  intervals  depends  upon  the  character  which 
is  being  transmitted.  Since  the  normal  idle  condition  of  the  line  is 
closed,  the  "stop"  signal  which  is  sent  last  in  the  train  of  signals  is  a 
"closed"  signal. 

The  selecting  arrangement  in  a  receiving  teletypewriter  is  also 
required  to  do  three  things: 

1.  It  must  start  timing  the  signals  when  the  start  signal  is  received. 

2.  It  must  determine  the  line  condition  at  the  midpoint  of  each  selecting  interval. 

3.  It  must  come  to  rest  during  the  stop  interval  following  the  5  selecting  signals. 

A  single  electromagnet  in  the  receiving  machine  converts  the  elec- 
trical pulses  into  mechanical  operations  of  the  selecting  mechanism. 
This  magnet  controls  an  armature  which  is  energized  for  the  closed 
line  condition  and  de-energized  during  the  open  line  condition.  By 
this  means  the  2  line  conditions  are  converted  into  2  positions  of  the 
magnet  armature. 

Theory  of  Teletypewriter  Signal  Transmission 

In  teletypewriter  signal  transmission  at  60  words  per  minute 
(hereafter  called  60-speed)  the  start  pulse  and  each  of  the  5  selecting 
signal  elements  are  normally  of  0.022  second  duration.  The  minimum 
length  of  the  stop  pulse  is  0.031  second.  In  keyboard  sending  the 
maximum  length  of  stop  pulse  depends  upon  the  time  the  operator 
hesitates  between  the  striking  of  the  individual  keys  of  the  teletype- 
writer. Any  lengthening  or  shortening  of  the  signal  elements  in 
transmission  is  referred  to  as  distortion  and  is  expressed  as  a  per- 
centage of  the  normal  length  of  a  signal  element.  The  fundamentals 
of  signal  transmission  have  been  discussed  thoroughly  by  various 
writers.^'  ^-  •*  A  few  of  these  principles  are  enumerated  here  without 
any  attempt  to  discuss  them  thoroughly. 

1.  With  the  transmitting  arrangements  usually  employed  the  complete  change  in 
line  condition  at  the  sender  is  practically  instantaneous. 
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2.  To  transmit  accurately  these  sudden  changes  in  the  line  condition  would  re- 
quire a  transmission  channel  cai)al)le  of  passing  an  infinitely  wide  frefjuency  hand. 

3.  With  a  transmission  channel  which  will  pass  only  a  limited  band  of  fretjuencies 
there  will  be  alteration  of  the  wave  shape  during  transmission  as  the  result  of  changes 
in  magnitude  and  phase  of  the  various  components  caused  by  the  characteristics  of 
the  transmission  channel,  so  that  changes  in  line  condition  at  the  receiving  end  will 
be  gradual  and  in  general  displaced  from  their  proper  position. 

4.  Theoretically  all  of  the  intelligence  can  be  carried  by  transmitting  waves  of  a 
maximum  frequency  equal  to  that  of  the  fundamental  of  the  signaling  speed  consider- 
ing the  time  interval  of  each  signal  element  as  a  half  cycle. 

5.  Actually  it  is  not  economical  either  to  transmit  a  very  wide  band  of  frequency 
or  to  provide  terminal  apparatus  capable  of  accurately  recording  the  intelligence  when 
only  a  band  equal  in  width  to  the  frequency  of  the  fundamental  of  the  signaling  speed 
is  transmitted.  The  arrangement  used  in  practice  must,  therefore,  be  a  compromise 
between  these  two  extremes. 

Experience  has  shown  that  in  order  to  use  economically  practical 
types  of  receiving  apparatus  it  is  generally  necessary  to  have  present 
in  the  received  signals  a  substantial  portion  of  the  second  and  third 
harmonics  of  the  frequency  of  the  shortest  signal  element,  which 
requires  in  the  case  of  60-speed  teletypewriter  signals  the  transmission 
of  a  frequency  band  width  of  somewhat  more  than  45  cycles.  To 
illustrate  this  a  typical  60-speed  teletypewriter  signal  is  shown  graphi- 
cally in  the  upper  left-hand  diagram  of  Fig.  2.  This  diagram  repre- 
sents potential  applied  to  the  line  for  a  perfect  teletypewriter  letter 
"D."  At  the  instant  when  the  start  pulse  commences,  as  described 
previously,  the  voltage  applied  to  the  line  assumes  its  "open"  value  S, 
called  "spacing."  This  spacing  condition  continues  for  0.022  second 
at  the  end  of  which  time  the  voltage  suddenly  assumes  its  "closed" 
value  M,  called  "marking."  The  marking  voltage  remains  constant 
through  the  first  signaling  pulse  (1)  in  the  figure.  The  second  and 
third  elements  of  the  teletypewriter  "  D  "  signal  are  spacing  and  during 
these  intervals  the  current  is  again  of  its  spacing  value.  In  the  fourth 
pulse  it  once  more  becomes  marking  for  0.022  second,  and  in  the  fifth 
pulse  it  is  again  spacing.  After  the  fifth  pulse  the  current  assumes  its 
marking  value  for  the  duration  of  the  stop  signal. 

This  teletypewriter  "D"  signal  may  be  further  analyzed  by  con- 
sidering it  to  be  made  up  of  sine  wave  components  of  various  fre- 
quencies and  magnitudes  with  certain  definite  phase  relationships. 
It  will  be  found  theoretically  to  contain  a  number  of  sine  waves  of 
frequencies  from  zero  to  infinity.  The  left-hand  column  of  Fig.  2 
shows  a  number  of  the  more  important  harmonic  components  of  the 
"D"  signal,  the  relative  magnitudes  and  phase  relationships  being 
as  indicated.  The  first  is  the  d-c.  component;  the  second  is  a  sine 
wave  of  the  same  period  as  the  over-all  signal,  and  is  referred  to  as  the 
first  harmonic.  The  wave  shown  in  part  c  of  the  figure  is  twice  the 
frequency  of  the  over-all  signal  and  is  referred  to  as  the  second  har- 
monic.    Following  this  in  turn  are  shown  the  third  to  tenth  harmonics. 
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The  right-hand  portion  of  the  same  figure  shows  the  synthesis  of 
this  signal  from  component  parts.  From  this  figure  it  may  be  seen 
that  by  the  time  the  seventh  harmonic  (curve  q)  or  even  the  fifth  har- 
monic (curve  p)  has  been  added,  there  is  a  resemblance  between  the 
resultant  and  the  original  wave. 


START    12       3         4         5        STOP 
TELETYPEWRITER  D  SIGNAL 
AT  368  OPERATIONS  PER  MINUTE 


I      EIGHTH   49,1 


j      NINTH    55.2 

/\/\j\r\/\/\j\/\/y^K 

k     TENTH    61.4 


m    H-C    0-12.3 


1    [>C  COMPONENT  +  FIRST  HAR- 
MONIC (a  +  b)  0-6.1 


q   p+g  +  h  0-4311 


r   q  +  i+j  +  k  0-61.4 


Fig.  2— Analysis  of  components  of  a  teletypewriter  "D"  signal.     Numbers  on  har- 
monic curves  are  frequencies  in  cycles  per  second. 

As  mentioned  previously,  the  total  intelligence  transmitted  by  a 
given  telegraph  signal  may  be  contained  in  a  frequency  band  lying 
between  zero  and  the  fundamental  frequenc\'  of  the  shortest  signal 
element,  i.e.,  the  frequency  at  which  the  duration  of  the  shortest 
element  is  a  half  cycle.  In  60-speed  teletypewriter  transmission  the 
shortest  signal  element  is  of  approximately  0.022  second  duration, 
and   its  fundamental   frequency  is  about   1/0.044  =  22.7   cycles  per 
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second.  In  the  illustration  in  Fig.  2,  this  frecjucncy  would  fall  between 
that  of  curves  d  and  c  in  the  left-hand  column  and  the  character 
theoretically  could  be  interpreted  correctly  with  the  transmission 
in  correct  phase  relation  of  only  the  components  up  to  and  including; 
the  fourth  harmonic  (curve  o  in  the  right-hand  column).  As  pre- 
viously stated,  however,  while  transmission  of  such  a  limited  fre- 
quency range  could  be  interpreted  without  error  by  an  ideal  receiving 
device,  practical  considerations  of  over-all  economy  make  it  desirable 
to  transmit  the  wider  frequency  range  mentioned. 

Types  of  Distortion 

In  order  to  design  a  satisfactory  teletypewriter  transmission  system 
it  is  desirable  to  understand  the  effects  of  various  types  of  distortion 
and  mechanical  variations  in  the  sending  and  receiving  mechanisms. 
Figure  3  shows  schematically  that  part  of  the  receiving  mechanism 
which  is  of  interest  in  explaining  the  effect  of  signal  distortion  on 
correct  interpretation  of  the  message.  This  includes  a  receiving 
selector  magnet  with  its  associated  armature  and  armature  extension, 
a  locking  lever,  a  stop  latch,  and  a  selector  cam  driven  by  a  friction 
clutch.  In  the  idle  condition  the  selector  magnet  is  energized  and  the 
magnet  armature  and  armature  extension  are  in  the  position  shown, 
the  selector  cam  being  held  from  rotating  by  the  stop  latch.  When  a 
train  of  impulses  representing  a  character  is  received  the  start  pulse 
(spacing)  allows  the  armature  and  armature  extension  to  move  to  a 
position  shown  by  the  dotted  lines  and  at  the  same  time  releases  the 
stop  latch.  This  latter  operation  permits  the  selector  cam  to  start 
rotating.  The  speed  of  rotation  and  the  starting  position  of  the 
selector  cam  are  normally  so  adjusted  that  the  first  depression  (shown 
by  A)  will  arrive  at  the  locking  lever  at  the  time  the  middle  of  the  first 
selecting  impulse  is  being  received.  The  locking  lever  will  then  fall 
into  this  depression  and  the  locking  wedge  B  will  move  toward  the 
armature  extension  and  lock  it  in  the  position  it  occupies  at  this 
instant.  This  determines  which  of  the  2  line  conditions  will  be 
recorded  for  this  signal  element.  Immediately  thereafter  mechanical 
arrangements  (not  shown)  will  operate  to  transfer  this  information 
to  the  selection  storing  mechanism.  This  process  will  then  be  re- 
peated for  each  of  the  other  4  selecting  impulses. 

After  the  5  selecting  impulses  have  been  received  the  slightly  longer 
stop  impulse  is  received.  During  the  latter  part  of  this  impulse  an 
arm  C  on  the  receiving  selector  cam  will  strike  the  stop  latch  and  the 
cam  will  be  held  until  the  reception  of  the  start  impulse  for  the  next 
character. 
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An  orientation  device  or  range  fuider  is  provided  which  rotates  the 
stop  latcli  with  respect  to  the  locking  lever  and  thereby  changes 
the  time  at  which  selection  occurs  with  respect  to  the  beginning  of  the 
selecting  cycle.  Moving  the  orientation  range  finder  in  effect  moves 
the  solid  vertical  lines  in  Fig.  3,  with  respect  to  the  signal,  and  with 
perfect  signals  they  can  be  moved  by  an  amount  corresponding  to  one 
unit  impulse.  In  other  words  the  time  of  selection  can  be  moved  by 
±  50  per  cent  without  typing  errors,  as  shown  at  a  in  the  figure. 
(In  an  actual   machine  this  range  is  less  because  of  practical  con- 
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Fig.  3 — Principles  of  selecting'mechanism  of  a  teletypewriter. 


siderations  of  design,   the  time  of  selection  being  variable  without 
errors  over  a  range  of  about  ±  40  per  cent.) 

Distortion  in  teletypewriter  signals  may  be  "bias,"  which  is  a 
uniform  lengthening  or  shortening  of  all  the  marking  impulses,  or  it 
may  be  of  other  types  which  affect  only  certain  of  the  signal  elements."* 
Bias  is  divided  about  equally  between  the  ends  of  the  impulse  when 
the  signal  is  received  from  the  line.  However,  because  the  selecting 
mechanism  starts  rotating  at  the  beginning  of  the  start  impulse,  the 
effect  of  bias  is  to  shift  all  impulses  forward  or  backward  with  respect 
to  this  time.     The  result  of  this  is  that  effectively  there  will  be  an 
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addition  to  or  subtraction  from  the  front  of  each  marking  impulse, 
with  the  rear  of  the  impulses  remaining  unchanged. 

In  an  ideal  machine  where  selection  would  be  made  instantaneously 
the  signal  would  be  recorded  correctly  if  it  had  the  right  condition 
(i.e.,  marking  if  it  should  be  marking  or  vice  versa)  at  the  instant  of 
selection.  The  particular  times  when  the  selections  take  place  with 
the  orientation  setting  at  the  middle  of  the  range  with  perfect  signals 
are  shown,  as  mentioned  before,  by  the  vertical  solid  lines  numbered 
1  to  5,  inclusive,  in  Fig.  3.  Referring  to  cases  b  and  d  it  may  be  seen 
that  with  25  per  cent  bias  the  correct  signal  is  being  received  at  the 
point  of  selection  and  it  will  be  interpreted  correctly.  However, 
referring  to  cases  c  and  e  it  may  be  seen  that  more  than  50  per  cent 
bias  will  cause  errors.  In  case  c  the  second  and  fifth  impulses  will  be 
falsely  interpreted  as  marking  and  in  case  e  the  first  and  third  impulses 
will  be  spacing  instead  of  marking.  Several  examples  of  the  effect  of 
distortion  other  than  bias  in  the  received  signals  are  illustrated  in 
cases,/,  g,  and  h  of  Fig.  3. 

The  effect  of  variations  in  teletypewriter  motor  speeds  on  oper- 
ating margins  is  illustrated  in  Fig.  3  by  cases  i  and  j.  Case  i 
shows  the  result  if  the  sending  machine  is  faster  than  the  receiving 
machine.  It  will  be  noted  that  as  the  speed  discrepancy  becomes 
greater  the  first  error  will  be  a  false  mark  for  the  fifth  impulse  because 
a  part  of  the  stop  impulse  is  received  on  the  fifth  position.  If  perfect 
signals  are  assumed,  the  speeds  would  have  to  be  somewhat  more  than 
7  per  cent  different  to  cause  errors  of  this  kind  in  a  normal  teletype- 
writer with  the  range  finder  set  in  the  middle  of  the  range,  but  if 
there  is  some  signal  distortion  other  than  that  from  speed  discrepancies, 
such  as  marking  bias,  smaller  differences  in  speed  would  be  sufficient 
to  cause  errors.  Case  j  illustrates  the  conditions  when  the  sending 
distributor  is  slower  than  the  receiving  distributor.  It  will  be  ob- 
served in  this  case  that  the  first  error  as  the  speed  discrepancy  in- 
creased would  also  be  in  the  fifth  impulse  as  the  result  of  either  the 
fourth  impulse  being  sufficiently  prolonged  to  fall  on  the  fifth  selecting 
position,  or  the  fifth  impulse  being  so  late  in  starting  that  it  is  not 
properly  received  on  the  fifth  position. 

In  the  illustrations  large  speed  discrepancies  have  been  used  so  that 
the  shift  of  the  signals  could  be  shown  readily  on  a  drawing. 

General  Transmission  Design  of  TWX  Network 

Telegraph  circuits  comprising  the  transmission  network  employed  in 
teletypewriter  exchange  service  are  laid  out  according  to  a  fundamental 
plan  similar  to  the  toll  switching  plan  ^  used  in  designing  the   toll 
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telephone  plant.  The  teletypewriter  switching  plan  is  designed  to 
provide  on  the  most  economical  basis  the  circuits  necessary  for  satis- 
factory connection  between  any  two  stations  in  the  country  without 
any  special  line-up  or  adjustment  of  the  circuits  or  apparatus. 

Each  switching  point  has  a  direct  connection  to  each  of  the  sub- 
scriber stations  within  its  area  (except  for  a  few  stations  which  are 
connected  to  the  switchboards  by  a  single  channel  carrier  circuit 
operating  over  regular  toll  telephone  circuits  when  a  connection  to 
these  stations  is  desired).  In  addition  it  has  direct  toll  circuits  to 
one  or  more  of  the  other  switching  points.  Eight  cities  of  considerable 
importance  from  the  standpoint  of  switching  in  the  national  network 
are  designated  as  "regional  centers."  These  cities,  New  York, 
Atlanta,  Chicago,  St.  Louis,  Dallas,  Denver,  San  Francisco,  and  Los 
Angeles,  are  interconnected  largely  by  high  grade  direct  circuits  and 
ultimately  will  be  interconnected  completely  by  such  facilities.  Each 
of  the  regional  centers  has  direct  circuits  to  a  number  of  smaller  centers 
designated  as  "routing  outlets"  within  a  given  area,  which  are  also 
interconnected  by  direct  circuits. 

The  other  switching  centers,  called  "teletypewriter  centers,"  which 
are  not  required  by  their  position  in  the  networks  to  handle  through 
business,  have  direct  circuits  to  one  or  more  routing  outlets  and  may 
have  direct  connections  to  similar  nearby  centers  if  traffic  justifies  it. 

The  appHcation  of  the  teletypewriter  switching  plan  is  illustrated  in 
Fig.  4.  Considering  only  the  toll  circuits  of  the  basic  routes  (solid 
lines  connecting  switching  centers  in  the  figure),  it  may  be  noted  that 
within  any  area  where  the  routing  outlets  are  interconnected  by  direct 
circuits,  the  maximum  number  of  teletypewriter  toll  lines  required  for 
connection  between  two  stations  in  the  area  is  3.  A  very  large  per- 
centage of  the  connections  can,  of  course,  be  made  with  only  one  or 
two  toll  links.  It  may  also  be  seen  that,  assuming  all  regional  centers 
to  be  interconnected  by  direct  circuits,  a  maximum  of  5  toll  links  will 
serve  to  connect  any  two  stations  in  the  country,  using  only  the  basic 
routes. 

In  addition  to  these  basic  toll  routes,  supplementary  routes  are 
provided  wherever  the  traffic  warrants,  as  indicated  by  the  dashed 
lines  in  the  figure.  These  supplementary  routes  may  be  direct  circuits 
between  two  teletypewriter  centers,  between  a  teletypewriter  center 
and  a  routing  outlet  or  regional  center  other  than  that  through  which 
it  is  normally  served,  or  between  a  routing  outlet  in  one  area  and  a 
routing  outlet  or  regional  center  in  another  regional  area.  It  is  obvious 
from  the  figure  that  the  efTect  of  these  supplementary  routes  is  to 
reduce  the  number  of  toll  links  and  consequently  the  number  of 
switches  involved  in  certain  connections. 
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The  plan  permits  considerable  flexibility  with  respect  to  arrange- 
ments for  future  expansion  and  changes,  as  growth  can  be  taken  care 
of  by  the  provision  of  additional  switching  points  or  additional  direct 
circuits  with  practically  no  change  in  the  fundamental  framework. 


Regional  area  A  Regional  area  B 

Fig.  4 — Principle  of  application  of  teletypewriter  switching  plan. 


□  Regional  center 
O  Routing  outlet 
•  Teletype  center 


Routes  to  other  regional  centers 


X  Subscriber  station 

—  Basic  routes 

-  -  Supplementary  routes 


Transmission  Requirements 

In  the  consideration  of  the  transmission  requirements  the  following 
items  are  of  importance: 

1.  The  over-all  distortion  on  all  connections  must  be  low  enough  to  permit 
satisfactor\'  service. 

2.  The  distortion  on  all  of  the  links  which  will  at  times  be  part  of  built-up  con- 
nections must  be  sufficiently  low  to  permit  satisfactory  transmission  when  forming  a 
part  of  such  connections. 

3.  The  distribution  of  distortion  between  the  various  toll  links  and  between  those 
links  and  the  subscriber  lines  should  be  such  as  to  obtain  the  desired  transmission 
results  with  a  minimum  cost  for  the  plant  as  a  whole. 

Transmission  Coefficients 

The  transmission  requirements  of  the  over-all  connection  or  of  the 
individual  elements  are  expressed  in  terms  of  a  system  of  telegraph 
transmission  coefficients  which  may  be  compared  roughly  to  the  system 
of  net  losses  used  in  telephone  transmission  work. 
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In  teletypewriter  toll  circuits  of  one  or  more  sections  the  over-all 
distortion  is  made  up  of  increments  from  a  number  of  sources.  Ex- 
perience has  shown  that  in  genera!  the  over-all  distortion  of  a  particular 
signal  element  is  equal  to  the  algebraic  sum  of  the  individual  incre- 
ments. For  each  specific  piece  of  equipment  or  element  of  the  circuit 
the  sign  and  value  of  the  distortion  cannot  be  predicted  exactly  as  they 
depend  upon  facts  which  vary  with  individual  cases.  However, 
representative  values  of  the  maximum  distortion  experienced  in  a 
period  of  moderate  length  with  miscellaneous  signals  for  different 
types  of  circuit  and  equipment  may  be  determined  with  fair  accuracy. 
Experience  and  probability  theory  indicate  that  the  most  probable 
value  of  the  over-all  distortion  of  a  telegraph  circuit  may  be  computed 
by  taking  the  square  root  of  the  sum  of  the  squares  of  the  corresponding 
values  for  the  various  component  parts  of  the  circuit.  With  this  as  a 
basis  coefficients  have  been  established  for  individual  telegraph  circuits 
of  the  various  types  employed  in  the  TWX  transmission  system. 
These  coefficients  are,  in  general,  proportional  to  the  square  of  the 
maximum  distortion  experienced  with  severe  signal  combinations  under 
comparatively  unfavorable  conditions  of  circuit  adjustment,  weather 
conditions,  etc.,  taking  into  account  what  is  known  about  the  general 
stability  of  the  particular  facility  concerned.  An  estimate  may  then 
be  made  of  the  transmission  impairment  to  be  expected  in  service  w^ith 
a  teletypewriter  circuit  made  up  of  a  number  of  sections  of  various 
types  by  adding  the  coefficients  of  the  component  parts.  For  con- 
venience the  value  of  the  coefficients  has  been  so  chosen  that  satis- 
factory operation  normally  will  be  obtained  over  a  connection  if  the 
sum  of  the  transmission  coefficients  for  the  subscriber  lines,  switch- 
board circuits,  and  toll  lines  involved  does  not  exceed  10. 

Using  these  coefficients  the  entire  transmission  system  is  designed 
to  provide  satisfactory  transmission  between  any  two  subscribers  or 
combinations  of  subscribers.  It  is  found  that  subscriber  lines  less  than 
about  5  miles  in  length  contribute  little  or  no  distortion  to  the  over-all 
connections.  Those  up  to  about  35  miles  may  contribute  distortion 
so  as  to  warrant  allowing  a  coefficient  as  high  as  1.0  or  1.5,  and  for 
those  up  to  50  or  60  miles  the  coefficient  may  be  as  great  as  3.5  or  4.0. 

The  following  discussion  assumes  that  the  subscriber  lines  have  a 
coefficient  of  not  more  than  1.0  or  1.5  from  the  subscriber  station  to 
the  jack  connected  to  the  teletypewriter  toll  line  at  the  switchboard, 
leaving  for  the  toll  links  of  the  connection  a  maximum  coefficient  of 
about  7.0  or  8.0.  In  the  case  of  intra-area  connections  involving  3 
toll  links,  a  permissible  coefficient  of  8.0  for  all  the  links  of  the  con- 
nections would,  of  course,  permit  a  coefficient  of  about  2.7  for  each 
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link.  Correspondingly,  a  connection  iiuohing  5  links  would  permit 
a  coefficient  of  only  1.6  per  link.  It  happens,  however,  that  the 
transmission  capabilities  of  the  teletypewriter  circuits  generally  in  use 
are  such  that  none  of  the  circuits  has  a  coefficient  of  less  than  2.0  and 
that  single  sections  of  circuit  may  lie  in  the  range  of  about  2.0  to  5.0. 
Practically,  the  availability  of  the  higher  grade  circuits  is  limited  by 
reasons  of  economy  since,  for  example,  the  multi-channel  carrier 
telegraph  facilities  which  have  coefficients  of  2.0  to  2.6  would  be  too 
expensive  to  use  for  routes  where  only  a  few  circuits  are  required  or 
for  the  shorter  links.  It  is  apparent,  therefore,  that  an  over-all 
coefficient  of  7.0  to  8.0  cannot  be  realized  on  either  4  or  5  link  connec- 
tions without  some  means  for  overcoming  the  over-all  distortion. 
For  these  cases  the  operators  are  provided  with  connections  to  re- 
generative repeaters,  which  are  inserted  in  series  with  the  circuit  and 
retransmit  the  teletypewriter  signals  exactly  as  they  were  originally 


HIGH  FREOUENCV  VOICE  FRE- 
CARRIER  ON        QUENCY  CAR-" 
OPEN  WIRE         :RIER  in  CABLE 


Fig.  5 — Diagram  of  topical  teletypewriter  exchange  service  connection  requiring 

regenerative  repeater. 
Numbers  are  transmission  coefficients. 

transmitted  into  the  circuit  at  the  sending  end,  provided  they  have 
not  been  distorted  beyond  the  point  where  they  can  be  correctly 
interpreted  by  the  regenerative  repeater.  The  latter  has  about  the 
same  signal  distortion  tolerance  that  a  teletypewriter  would  have  if 
the  circuit  terminated  at  that  point.  Thus  the  regenerative  repeater 
wipes  out  the  distortion  of  the  preceding  toll  links  and  subscriber 
line  so  that  the  coefficient  at  its  output  will  again  be  zero.  The  circuit 
layout  for  an  actual  connection  is  shown  in  Fig.  5  illustrating  the  use 
of  a  regenerative  repeater. 

For  the  purpose  of  the  teletypewriter  exchange  circuit  layout,  it  is 
assumed  that  regenerative  repeaters  are  av'ailable  at  the  switchboards 
of  all  regional  centers  so  they  may  be  used  to  handle  4  and  5-link  con- 
nections. They  are  required  occasionally  at  routing  outlets  to  provide 
satisfactory  over-all  results  on  3-link  connections.  In  the  case  of 
2-link  connections  the  use  of  regenerative  repeaters  is  ordinarily 
avoided  by  limiting  the  coefficient  of  the  subscriber  line,  switchboard, 
and  first  toll  circuit  to  5.0.     For  subscriber  lines  on  which  it  is  not 
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economical  to  provide  facilities  having  coefficients  as  low  as  1.5  the 
traffic  routing  instructions  call  for  the  use  of  additional  regenerative 
repeaters  at  suitable  points. 

The  types  of  telegraph  facilities  that  are  used  for  these  various  classes 
of  loll  link  and  subscriber  line  are  discussed  farther  on. 

Facilities  Used  in   TWX  Network— Teletypewriter  Stations 
AND  Subscriber  Lines 

A  typical  teletypewriter  station,  illustrated  in  Fig.  6,  includes  the 
sending  and  receiving  equipment,  together  with  power  supply,  and 
supervisory  equipment  for  initiating  a  call,  informing  the  attendant 
of  an  incoming  call,  or  recalling  the  switchboard  operator  during  the 
progress  of  a  connection  if  desired.  These  features  are  described  in 
detail  in  the  paper  on  switchboards  and  signaling  facilities  referred  to 
previously.^ 

Any  one  of  several  types  of  teletypewriter  subscriber  lines  may  be 
used  to  connect  a  station  with  the  switchboard  from  which  it  is  served, 
the  type  chosen  depending  upon  conditions  in  the  particular  case. 
A  large  majority  of  subscriber  lines,  however,  consist  of  cable  pairs 
used  exclusively  for  that  purpose.  In  these  the  telegraph  method 
employed  is  one  in  which  polar  signals  (a  positive  potential  for  spacing 
and  a  negative  potential  for  marking  pulses  or  vice  versa)  are  impressed 
on  the  subscriber  line  by  a  telegraph  repeater  in  the  cord  circuit  at 
the  central  office,  and  neutral  signals  (the  circuit  closed  for  marking 
and  opened  for  spacing)  are  transmitted  by  the  sending  contacts  of 
the  teletypewriter  at  the  subscriber  station. 

The  polar  signals  transmitted  from  the  central  office  are  symmetrical 
and  the  transmission  quality  of  these  signals  is  not  affected  seriously 
by  the  capacitance  of  the  cable  loop.  As  is  ordinarily  the  case  in 
duplex  transmission,  the  current  impulses  are  transmitted  ditTerentially 
through  two  windings  of  a  relay  in  the  cord  circuit  repeater  which 
responds  to  incoming  signals  but  not  to  the  outgoing  differentially 
transmitted  signals.  To  prevent  the  undesired  response  of  this  relay 
to  the  outgoing  signals,  it  is  necessary  that  the  differential  winding 
not  connected  to  the  subscriber  line  be  terminated  to  ground  through 
an  impedance  similar  to  that  of  the  subscriber  line.  Since  subscriber 
lines  from  a  given  type  of  switchboard  are  all  arranged  to  use  the  same 
current  value  the  resistance  component  of  the  station  line  impedance 
may  be  balanced  by  fixed  resistance. 

With  cable  circuits  of  appreciable  length,  however,  the  capacitance 
becomes  of  importance.  Up  to  a  certain  length  the  effect  of  the 
capacitance  on  balance  can  be  minimized  by  locating  a  substantial 
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portion  of  the  current  limiting  resistance  in  series  between  the  sub- 
scriber Hne  jack  at  the  switchboard  and  the  subscriber  hne.  For 
longer  circuits  an  impedance  modifying  network  consisting  of  capaci- 
tance, inductance,  and  resistance  in  parallel  is  inserted  in  series  with 
the  circuit  between  the  subscriber  line  jack  and  the  subscriber  line. 
The  constants  of  this  network  are  so  chosen  that  the  subscriber  line 


Fig.  6 — T>pical  teletypewriter  subscriber  station. 

will  be  satisfactorily  balanced  by  the  same  cord  circuit  repeater 
balancing  arrangement  that  is  used  for  the  shorter  subscriber  lines  in 
the  ofifice. 

At  the  station  the  sending  contacts  and  receiving  relay  or  magnet 
are  in  series  with  the  subscriber  line.  Signals  from  subscriber  stations 
are  formed  simply  by  opening  and  closing  the  circuit  at  the  sending 
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contacts  in  accordance  with  the  code  for  the  characters  being  trans- 
mitted. When  the  contacts  are  closed  a  current  flows  in  the  subscriber 
line  circuit  for  marking  and  when  they  are  open  this  current  becomes 
zero,  transmitting  a  spacing  signal. 

On  long  cable  pair  subscriber  line  circuits  with  considerable  bridged 
capacity,  the  wave  shape  of  the  current  received  in  the  central  office  is 
not  symmetrical  as  regards  the  marking  or  spacing  conditions,  the 
rate  of  building  up  of  the  marking  current  being  much  faster  than  its 
rate  of  decay.  This  results  in  marking  bias  in  the  received  signals. 
Conversely,  in  subscriber  line  circuits  containing  only  series  inductance 
and  resistance,  the  received  current  builds  up  gradually  to  its  marking 
value  and  decays  to  zero  immediately  when  the  sending  contacts  are 
opened  for  a  space.  By  properly  combining  the  inductance  and 
capacitance,  it  is  possible  to  produce  substantially  unbiased  signals 
at  the  receiving  end.  In  other  words,  by  inserting  series  inductance 
in  a  cable  circuit,  it  is  possible  to  overcome  the  marking  bias  efifect 
mentioned  above  so  that  practically  no  distortion  occurs  in  the  sub- 
scriber line. 

The  marking  bias  may  also  be  reduced  effectively  by  the  use  of 
series  resistance  in  place  of  inductance  at  the  subscriber  station  in 
cases  where  it  is  possible  to  add  a  sufficient  amount  of  resistance  without 
reducing  the  current  below  the  desired  value.  The  effect  of  series 
resistance  used  in  this  way  is  to  delay  the  building  up  of  the  current 
when  the  teletypewriter  sending  contacts  are  closed  after  a  spacing 
signal  to  compensate  for  the  delay  in  decay  of  the  received  current 
after  the  contacts  have  opened. 

Both  of  the  above  methods  of  reducing  bias  are  in  use  in  the  present 
teletypewriter  exchange  plant.  Figure  7  shows  the  wave  shape  of 
uniformly  timed  marks  and  spaces  received  over  a  30-mile  19-gauge 
cable  pair,  illustrating  the  effect  of  the  cable  capacitance,  and  the 
manner  in  which  a  wave  shaping  arrangement,  consisting  primarily  of 
inductance  in  this  case,  reduces  the  amount  of  marking  bias  in  the 
received  signal  by  retarding  the  building  up  of  current  at  the  start  of 
each  marking  signal. 

Although  the  majority  of  subscriber  lines  are  in  cables,  it  is  some- 
times necessary  to  serve  stations  at  greater  distances  from  the  teletype- 
writer center  or  in  situations  where  the  use  of  cable  pairs  is  not  prac- 
ticable. For  these,  other  arrangements  must  be  made.  One  method 
of  serving  such  stations  is  by  means  of  arrangements  similar  to  those 
of  the  shorter  toll  circuits.  Generally  a  telegraph  repeater  in  an  office 
in  the  vicinity  of  the  subscriber  station  is  used,  and  transmission 
between  that  repeater  and  the  one  in  the  teletypewriter  center  takes 
place  in  the  same  manner  as  over  a  toll  circuit  of  similar  length. 
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Another  method  for  connecting  to  subscriber  stations  which  cannot 
be  cared  for  by  a  metallic  cable  pair  employs  a  simple  telej^raph  re- 
peater installed  as  part  of  the  subscriber  station  equipment.  This 
arrangement  as  well  as  the  one  previously  described  has  the  advantage 
that  it  permits  polar  signals  to  be  used  in  both  directions  over  the  sub- 
scriber line. 

In  a  few  cases  which  have  arisen  where  telegraph  facilities  were  not 
readily  available  between  the  teletypewriter  center  and  a  subscriber 
station,  use  has  been  made  of  a  single-channel  voice-frequency  carrier 
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Fig.   7 — Effect  of  wave  shaping  networks  in  long  subscriber  lines  operated  over 

cable  pairs. 

A — Current  at  subscriber  station;  no  wave  shaping  network  used. 

B — Current  in  A  as  received  at  central  ofifice. 

C — Current  at  subscriber  station;  loop  equipped  with  wave  shaping  network. 

D- — Current  received  at  central  office;  loop  equipped  with  wave  shaping  network. 

R — Current  required  to  operate  receiving  relay  of  repeater  in  central  ofifice. 

telegraph  arrangement  by  means  of  which  the  transmission  takes 
place  over  standard  telephone  circuits.  A  small  carrier  telegraph 
terminal  arrangement  is  mounted  on  the  back  of  the  teletypewriter 
table,  and  a  corresponding  carrier  terminal  is  located  in  the  tele- 
typewriter center  in  a  trunk  circuit  between  the  teletypewriter 
switchboard  and  the  telephone  toll  board.  Special  operating  pro- 
cedures are  set  up  so  that  whenever  the  subscriber  initiates  a  call, 
connection  is  established  by  telephone  operators  t)ver  telephone 
circuits  to  the  above  mentioned  carrier  trunk  circuit  at  the  teletype- 
writer center,  and  the  teletypewriter  switchboard  operator  is  notified 
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of  the  call  and  ^iven  the  number  of  the  subscriber  by  whom  it  is  made. 
From  the  subscriber's  standpoint  calls  are  made  with  this  equipment  in 
practically  the  same  manner  as  when  ordinary  telegraph  facilities  are 
employed. 

Switchboards 

The  switchboards  used  in  teletypewriter  exchange  service  contain 
facilities  for  interconnecting  subscriber  lines,  connecting  them  with  toll 
circuits,  or  interconnecting  toll  circuits  as  required,  together  with  the 
necessary  means  for  establishing  and  supervising  the  connections. 
They  are  described  in  considerable  detail  in  the  previously  referred  to 
paper  on  switchboards  and  signaling  facilities. ^  As  indicated  in  the 
discussion  of  subscriber  lines,  the  transmission  circuit  through  the 
switchboard  is  essentially  a  differential  duplex  telegraph  repeater. 
One  such  repeater  is  connected  between  the  cords  of  each  pair.  This 
repeater  is  so  designed  that  it  introduces  very  little  distortion  in  the 
connection.  The  coefiticient  of  the  switchboard  cord  circuit  is  0.3. 
Figure  8  is  a  schematic  diagram  showing  the  principle  of  the  trans- 
mission circuit. 
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Fig.  8 — Principle  of  switchboard  transmission  circuit. 
Operator's  teletypewriter  inserted  at  X  when  required. 

Toll  Circuits 

The  toll  circuits  of  the  teletypewriter  exchange  network  are  of  the 
standard  types  that  are  in  general  use  for  telegraph  transmission. 
These  include  voice-frequency  carrier  telegraph  systems  on  cable 
circuits  ^  or  on  channels  of  carrier  telephone  circuits  on  open-wire 
lines,  high-frequency  carrier  telegraph  systems  on  open  wires, ^  metallic 
systems  on  cables,^  and  two-path  polar  and  differential-duplex 
grounded  telegraph  circuits.^  An  idea  of  the  relative  capabilities  of 
these  types  of  facilities  may  be  obtained  from  Table  I  which  shows 
the  coefificients  of  a  single  section  of  each  type. 
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TABLE   I 
Transmission  Coefficients  for  60-Speed  Teletypewriter  Exchange  Circuits 

Maximum 
Section  Length 
Coefficient  Normally 

Type  of  Circuit  per  section  ♦  Used,  Miles 

D-C.  grounded  system  on  open  wire 2.5  to  4    300 

D-C.  metallic  system  on  cable  circuits 2  to  3    150 

High  frequency  carrier  system  on  open  wire  ....       2.6       1,150 

Voice  frequency  carrier  system  on  cable  oj  open 

wire  circuits 2.0  to  2.2 3,500 

From  the  coefficients  given  in  the  table  and  the  earlier  discussion 
of  the  teletypewriter  switching  plan,  it  is  apparent  that  the  carrier 
systems,  voice-frequency  or  high-frequency,  where  available,  are 
most  suitable  for  the  longer  backbone  toll  circuits  of  the  nationwide 
network.  For  the  short  circuits  of  from  100  to  200  miles  where  cable 
plant  is  available,  the  metallic  telegraph  circuits  on  cable  are  exten- 
sively used,  while  for  the  scattering  circuits  of  similar  length,  and  most 
of  the  shorter  toll  circuits,  use  is  made  of  two-path  polar  and  differ- 
ential duplex  facilities.  In  some  instances  where  single  section 
facilities  of  the  required  grade  are  not  available  between  two  centers, 
regenerative  repeaters  permanently  associated  with  multi-section 
circuits  are  used  to  provide  satisfactory  over-all  circuits.  Also  in 
certain  instances  where  circuits  are  not  required  for  through  switching, 
multi-section  circuits  without  regenerative  repeaters  are  sometimes 
provided  and  classified  "for  terminal  purposes  only." 

All  the  components  of  the  network — teletypewriters  and  their 
associated  subscriber  lines,  transmission  circuits  in  the  switchboards, 
and  toll  circuits  interconnecting  the  switchboards — are  designed  to 
give  a  satisfactory  over-all  transmission  performance  with  a  minimum 
cost  for  the  plant  as  a  whole.  Results  obtained  in  service  indicate  that 
the  system  is  meeting  a  commercial  need  and  that  its  performance  is 
satisfactory,  but  developments  are  continually  under  way  to  effect 
further  improvements  in  service  and  economies  in  operation  as  experi- 
ence is  gained  with  the  system. 
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A  New  Telephotograph  System  * 

By  F.   W.   REYNOLDS 

Transmission  of  photographs  over  telephone  wires  was  begun  com- 
mercially several  years  ago,  but  recent  improvements  have  increased  to  1 1  by 
17  inches  the  size  of  photograph  that  could  be  transmitted  and  have  made  it 
possible  for  the  picture  to  give  much  more  information.  The  new  machines 
used  for  sending  and  receiving  photographs  are  described  in  this  paper,  and 
the  requirements  and  control  of  the  wire  system  necessary  to  prevent  im- 
perfections in  the  picture  and  to  permit  switching  of  sending  and  receiving 
stations  are  discussed. 

A  TELEPHOTOGRAPH  message  service  between  New  York, 
Chicago,  and  San  Francisco  was  initiated  in  April  1925  by  the 
Bell  System,  and  was  extended  during  the  following  two  years  to  five 
additional  cities.  Experience  in  the  operation  of  this  service,  using 
equipment  previously  described,^  indicated  that  a  number  of  improve- 
ments were  desirable  in  order  to  meet  more  satisfactorily  the  apparent 
requirements  of  this  form  of  communication.  Development  work 
was  undertaken  to  effect  these  improvements,  and  this  paper  describes 
the  new  equipment  and  some  of  the  features  involved  in  establishing  a 
leased  wire  telephotograph  network  connecting  26  cities  as  shown  in 
Fig.  1. 

During  the  eight  years  of  operation  of  the  first  Bell  System  tele- 
photograph  service  the  performance  of  the  system  was  observed, 
analyses  made  of  the  material  transmitted,  and  opinions  formulated 
regarding  the  acceptability  of  the  received  pictures.  The  early 
equipment  required  the  preparation  of  the  material  for  transmission 
as  a  film  transparency  in  an  area  not  exceeding  4j  inches  by  6^  inches. 
This  relatively  small  image  field  combined  with  the  use  of  100  scanning 
lines  per  inch  and  the  added  photographic  operations  to  prepare  the 
material  for  transmission  were  considered  as  limiting  the  usefulness  of 
this  new  service.  For  example,  in  transmitting  many  of  the  forms  of 
printed  matter  it  was  necessary  to  divide  the  copy  into  overlapping 
sections,  to  transmit  each  piece  separately  and  to  assemble  the  sections 
as  a  composite  picture  at  the  receiving  point.  Obviously  this  pro- 
cedure could  not  be  applied  advantageously  to  a  photograph  or  news 
picture  and  therefore  the  maximum  information  content  of  such 
transmissions  was  limited  by  the  small  size  of  image  field  and  the 

*  Published  in  Electrical  Engineering,  September  1936.     Presented  at  A.  I.  E.  E. 
Southwest  District  meeting,  Dallas,  Texas,  October  26-28,  1936. 
1  For  all  numbered  references  see  list  at  end  of  paper. 
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number  of  scanning  lines  employed.  Certain  types  of  pictures  such 
as  portraits,  small  groups,  and  others  of  a  rather  limited  information 
content  were  transmitted  satisfactorily  with  this  early  equipment,  but 
transmissions  of  those  pictures  containing  much  greater  amounts  ol 
information  frequently  were  regarded  as  inadequate. 

In  formulating  specific  requirements  for  the  new  telephotograph 
system  consideration  also  was  given  to  the  increasing  interest  in  news 
pictures  and  to  the  trend  in  this  country  toward  improvement  of 
newspaper  halftone  reproduction.  The  former  public  demand  for 
pictures  of  the  occasional  catastrophe  or  outstanding  news  event  is 
today  apparently  being  supplemented  by  an  interest  in  the  pictorial 
reporting  of  even  minor  news  items.  These  factors  are  reacting  to 
elevate  the  standards  for  acceptable  telephotographs  to  a  plane  where 
newspaper  halftone  reproduction  of  original  and  transmitted  pictures 
may  soon  be  comparable  in  quality  and  information  content.  The 
requirements  met  by  the  new  telephotograph  system  are  summarized 
briefly  in  the  following  paragraphs. 

Scanning 

Pictures  are  scanned  by  reflected  light  at  100  lines  per  inch.  This 
permits  direct  transmission  from  original  subject  matter  in  the  majority 
of  cases  without  recourse  to  special  preparation  such  as  photographic 
copying. 

Size  of  Image  Field 

A  useful  image  field  is  provided  for  scanning  and  reproducing 
pictures  of  various  sizes  up  to  and  including  11  inches  by  17  inches. 
This  area  is  sufficient  to  accommodate  most  sizes  of  subject  matter 
likely  to  be  encountered  in  telephotography  and  is  well  adapted  to 
transmission  of  black  and  white  information  such  as  financial  state- 
ments, advertising  layouts,  and  the  like.  Furthermore,  it  provides  a 
practical  method  of  varying  the  information  content  of  received 
pictures  by  using  original  prints  of  appropriate  sizes.  This  point 
is  illustrated  in  Figs.  9  and  10,  which  are  reproductions  from  trans- 
missions made  from  prints  of  the  same  subject  which  were  respectively 
43^  by  63/8  inches  and  10  by  14}/^  inches.  The  useful  circumference 
of  the  picture  cylinder  employed  is  11  inches.  In  the  case  of  news 
pictures,  which  are  ordinarily  distributed  as  8  by  10  inch  photographic 
prints,  the  remaining  one-inch  space  on  the  circumference  of  the  cylinder 
may  be  utilized  for  transmitting  the  caption  as  part  of  the  picture. 

Speed  of  Transmission 
The  image  field  in  the  new  equipment  is  scanned  at  100  lines  per 
inch  with  a  velocity  of  20  inches  per  second,  which  results  in  the 
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transmission  of  one  inch  of  picture  per  minute,  measured  along  the 
axis  of  the  picture  cylinder.  This  rate  of  scanning  produces  essential 
signal  frequencies  extending  approximately  from  zero  to  1,000  cycles 
per  second  and  is  more  than  double  the  speed  of  transmission  used  in 
the  earlier  equipment.  However,  by  employing  the  single-side-band 
method  of  transmission  it  has  been  possible  to  use  this  speed  of  trans- 
mission over  telephone  circuit  facilities  of  normal  band  width  but 
specially  modified  as  described  in  a  later  section. 

Synchronism 

Operation  of  the  earlier  Bell  System  telephotograph  equipment  over 
long  telephone  circuits  indicated  the  desirability  of  providing  improved 
means  for  synchronizing  the  sending  and  receiving  equipment.  Ac- 
cordingly, development  work  was  undertaken,  and  local  frequency 
sources  of  the  required  stability  were  made  available  to  permit  inde- 
pendent speed  control  without  transmitting  synchronizing  signals. 
Experimental  oscillator  units  were  installed  for  tests  at  three  tele- 
photograph  stations  about  two  years  after  the  opening  of  the  public 
telephotograph  service  in  1925.  Experience  gained  from  the  use  of 
these  oscillators,  which  were  vacuum  tube  driven  tuning  forks  main- 
tained within  close  temperature  limits,  indicated  that  this  method  was 
practicable,  although  the  particular  arrangements  employed  at  that 
time  could  be  advantageously  improved. 

A  new  design  of  tuning  fork  controlled  oscillator  has  been  provided 
in  the  new  equipment  whose  frequency  can  readily  be  adjusted  and 
maintained  constant  to  within  a  few  parts  in  a  million.  This  difference 
in  speed  between  sending  and  receiving  machines  is  so  slight  that 
skewing  of  the  received  picture  is  not  noticeable. 

Starting  and  Phasing 

The  simultaneous  starting  of  all  machines  participating  in  the 
transmission  and  reception  of  a  picture  is  effected  by  means  of  a  signal 
sent  over  the  line  by  the  transmitting  machine.  Phasing  of  the 
machines  is  automatic,  since  all  are  started  simultaneously  from  the 
same  angular  position  by  a  positive  action  clutch.  This  requirement 
is  similar  to  that  met  by  the  earlier  equipment,  but  more  difficult  to 
fulfill  because  of  the  use  of  a  much  larger  picture  cylinder.  It  required 
the  development  of  a  new  type  of  clutch  which  would  permit  a  gradual 
increase  in  velocity  of  the  cylinder  and  yet  be  positive  in  action. 
The  fulfillment  of  this  requirement  is  important  as  it  assures  accurate 
phasing  without  consuming  valuable  circuit  time,  irrespective  of  the 
number  of  machines  involved  in  a  transmission. 
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Design 
In  addition  to  meeting  the  above  general   requirements  the  new 
design  includes  arrangements  for  daylight  operation,  a  new  type  of 
driving  motor,  and  scanning  with  a  pulsating  beam  of  light  whereby 
the  photoelectric  current  can  be  amplified  by  a-c.  methods. 

Descrittion  of  the  New  TELEPHOTO(;RApn  Equipment 

The  general  specifications  outlined  in  the  preceding  i)aragraphs  are 
embodied  in  the  new  telephotograph  equipment  now  being  manu- 
factured. Telephotograph  equipment  of  this  type  for  a  station 
arranged  to  send  and  receive  pictures  consists  of  a  sending  machine 
and  a  receiving  machine  mounted  on  separate  tables  (see  Figs.  2  and  3), 


Fig.  2 — Telephotograph  sending  machine. 

A — Motor. 

5— Clutch. 

C— Optical  system. 

D — Picture  cylinder. 


Fig.  3 — Telephotograph  receiving  machine. 
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-Optical  system. 
-Cylinder  housing. 
-Clutch. 
-Motor. 
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two  bays  of  relay-rack-mounted  apparatus,  and  a  cabinet  of  power 
supply  equipment.  A  third  bay  comprising  loop  terminating  arrange- 
ments, telephone,  and  loud  speaker  equipment  may  be  furnished  by 
the  telephone  company  if  ordered  by  the  customer.  This  telephoto- 
graph  equipment  connected  by  suitable  circuits  will  transmit  pictures 
and  other  forms  of  graphic  information  from  point  to  point  or  from 
one  to  a  number  of  points  simultaneously. 

Figure  4  is  a  schematic  diagram  illustrating  the  functional  relation- 
ships of  the  various  units  of  this  equipment.  Certain  features  of 
these  units  that  may  be  of  special  interest  have  been  selected  for 
description  in  the  following. 

Motor  and? Associated  Speed  Control  Circuit 
Although  the  driving  motor  for  the  telephotograph  machine  is 
essentially  of  the  d-c.  shunt  type,  it  functions  in  combination  with  its 
associated  speed  control  equipment  as  a  synchronous  unit  and  upon 
starting  locks  automatically  in  synchronism  with  the  frequency 
generated  by  the  local  carrier  and  motor  control  oscillator.  This  is 
accomplished  in  a  manner  similar  to  that  previously  used  in  television 
equipment  demonstrated  by  the  Bell  System.^-  ^  An  inductor  type 
generator  built  into  the  frame  of  the  motor  delivers  an  a-c.  output  of 
300  cycles  per  second  at  the  normal  speed  of  the  motor,  100  r.p.m. 
The  output  of  the  generator  is  impressed  upon  the  plates  of  two 
vacuum  tubes  the  grids  of  which  are  energized  by  the  300-cycle 
output  of  the  carrier  and  motor  control  oscillator  as  shown  in  Fig.  5. 


FIELD 


~  24  VOLTS 

Fig.  5 — Telephotograph  niacliinc  motor  control  circuit. 
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These  tubes  act  as  a  phase  detector  and  vary  the  input  voltage  across 
an  ampHfier  which  supplies  the  total  armature  current  of  the  motor. 
Armature  rather  than  field  control  is  employed  to  obtain  faster  and 
more  complete  regulation.  The  capacitor  across  the  terminals  of  the 
generator  armature,  tuning  the  circuit  to  a  frequency  slightly  in 
excess  of  300  cycles  per  second,  and  the  coupling  impedance  between 
phase  detector  and  amplifier  acting  as  a  low-pass  filter,  assist  in 
preventing  hunting  of  the  motor. 

Clutch 

Connection  between  driving  motor  and  picture  machine  is  made 
through  a  positive  action  clutch  electrically  operated.  This  clutch 
gradually  applies  the  driving  torque  to  the  picture  machine  during 
the  starting  interval.  It  operates  on  the  principle  of  storing  energy 
in  a  coiled  spring  during  the  first  part  of  the  starting  interval  while 
the  velocity  of  the  machine  is  increasing  and  then  allowing  this  energy 
to  be  released  gradually  by  an  escapement  mechanism  while  the  parts 
of  the  clutch  are  assuming  their  normal  operating  position.  The 
time  interval  required  for  complete  operation  of  the  clutch  corresponds 
to  three  or  four  revolutions  of  the  picture  cylinder  but  variations  in  the 
length  of  this  interval  do  not  affect  the  accuracy  of  phasing,  inasmuch 
as  the  latter  is  determined  by  the  time  of  operation  of  the  clutch  trip 
magnet  and  each  receiving  machine  may  be  readily  adjusted  to 
compensate  for  this  variation. 

Circuit  arrangements  associated  with  the  clutch  of  the  receiving 
machine  permit  its  operation  from  a  starting  signal  received  over  the 
line  from  the  transmitting  machine. 

Sending  Optical  System 
The  optical  system  of  the  sending  machine  is  arranged  to  direct  a 
scanning  light  beam  upon  the  surface  of  the  picture  which  is  mounted 
on  a  cylinder.  This  scanning  beam,  attenuated  by  reflection  from  the 
various  shades  of  the  picture,  is  directed  to  a  photoelectric  cell.  The 
illumination  is  obtained  from  a  small  incandescent  lamp  and  is  inter- 
rupted in  passing  through  the  aperture  of  a  double  ribbon  light  valve. 
This  double  ribbon  light  valve,  which  is  a  modification  of  a  type 
previously  described,*  is  actuated  by  the  picture  carrier  frequency, 
2,400  cycles  per  second,  and  its  interruption  of  the  scanning  light  beam 
permits  the  use  of  a-c.  methods  of  amplification  of  the  photoelectric 
currents.  Aside  from  its  general  simplicity  and  freedom  from  the 
usual  difficulties  experienced  with  rotating  light  choppers,  this  type  of 
interrupter  readily  effects  a  sinusoidal  variation  in  illumination. 
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It  is  ob\ious  that,  since  tlu-  illumination  incident  upon  the  picture 
is  pulsating  at  the  carrier  frecjuency,  the  currents  present  in  the  output 
of  the  photoelectric  cell  will  consist  of  the  picture  signal  currents  and 
the  carrier  frequency  niotlulated  by  these  currents,  the  picture  itself 
acting  as  a  simple  direct  product  modulator. 

Fillers  and  Delay  Equalizer 
The  application  of  single-side-band  transmission  methods  to  the 
present  telephotograph  equipment  has  resulted  in  the  design  of 
electrical  filters  of  rather  unusual  phase  shift  and  attenuation-frequency 
characteristics.  It  has  previously  been  pointed  out  in  connection  with 
a  discussion  of  telegraph  transmission  theory  ^  that  three  conditions 
should  be  fulfilled  for  single-side-band  transmission: 

1.  The  system  should  have  a  linear  phase  shift-frequency  characteristic. 

2.  The  sluggish  in-phase  component  of  the  signal  resulting  from  a  displacement  of 
the  carrier  from  the  middle  of  the  transmitted  band  should  be  eliminated. 

3.  The  received  quadrature  component  resulting  from  the  loss  of  the  component 
of  the  side  band  suppressed,  equal  in  magnitude  but  opposite  in  sign,  should  also  be 
eliminated. 

The  first  two  conditions  are  met  by  the  careful  design  of  a  delay 
equalizer  network  and  a  special  filter  giving  a  suitably  shaped  ad- 
mittance characteristic  for  the  system.  This  characteristic  exhibits  a 
type  of  symmetry  about  the  carrier  frequency  which  would  result  in  a 
superposition  of  the  regions  adjacent  to  the  carrier  if  rotated  about 
this  point.  Consequently  the  attenuation  of  the  filters  and  associated 
delay  equalizer  should  be  6  decibels  greater  at  the  carrier  frequency 
than  at  the  middle  of  the  band  of  the  transmitted  frequencies,  in 
addition  to  meeting  the  requirement  of  a  linear  phase  shift-frequency 
characteristic.  Over-all  attenuation  and  phase  shift-frequency  char- 
acteristics of  the  filters  and  equalizer  of  the  sending  and  receiving 
equipment  of  the  present  design  are  shown  in  Fig.  6. 

In  regard  to  the  third  condition  for  single-side-band  transmission, 
experiments  have  shown  that  the  effect  in  received  pictures  of  the 
quadrature  component  is  not  of  practical  importance  in  the  present 
equipment.  The  quadrature  component  is  determined  essentially  by 
the  slope  of  the  signal  envelope  which  is  in  turn  restricted  by  the 
equivalent  transfer  admittance  characteristic  ^  of  the  scanning  aper- 
ture, and  by  the  slope  of  the  filter  characteristic  to  meet  condition  2. 

Receiving  Optical  System 
The  receiving  optical  system  of  the  new  telephotograph  equipment 
is  similar  in  its  general  aspects  to  that  employed  in  the  earlier  Bell 
System    equipment.     Illumination    from    an    incandescent    lamp    is 
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directed  to  the  receiving  photographic  emulsion  through  the  aperture 
of  a  single  ribbon  light  valve.  The  latter,  however,  is  operated  by 
the  rectified  picture  currents  instead  of  by  the  modulated  picture 
carrier  current  as  used  in  the  earlier  equipment.  This  change  results 
in    very   simple   yet   efficient   optical    arrangements   for   receiving   a 
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Fig.  6 — Over-all  characteristics  of  filters  and  delay  equalizer. 


variable  density  constant  line  width  picture  with  no  apparent  structure. 
The  aperture  of  the  light  valve,  which  is  uniformly  illuminated  by  the 
incandescent  lamp,  is  adjusted  so  that  the  width  of  its  image  on  the 
receiving  emulsion  is  0.01  inch.  The  height  of  the  aperture,  which 
determines  the  exposure,  is  regulated  by  the  instantaneous  position  of 
the  light  valve  ribbon  and  this  is  proportional  to  the  received  picture 
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currents.  A  uniformly  illuminated  field  is  obtained  at  the  light  valve 
aperture  with  a  minimum  loss  of  light  by  using  a  sphero-cylindrical 
condenser  lens  which  focuses  the  diameter  of  the  helical  filament  of  the 
lamp  without  imaging  individual  turns  of  the  helix  at  the  plane  of  the 
aperture.  Imaging  of  the  lamp  filament  with  the  usual  type  of 
spherical  condenser  lens  would  result  in  non-uniformity  of  illumination 
not  only  because  interstices  between  individual  turns  of  the  helix 
have  an  intrinsic  brilliancy  much  greater  than  the  outer  surface  of  the 
filament  but  also  because  of  the  angular  variation  of  the  masking 
effect  of  the  turns  of  the  helix  upon  the  illumination  emerging  from 
the  interstices.  The  ribbon  of  the  light  valve  is  tuned  mechanically 
to  resonance  at  1,200  cycles  per  second,  and  is  shunted  by  an  equalizer  ^ 
consisting  of  inductance,  capacitance,  and  resistance  in  series  which  is 
tuned  to  the  resonant  frequency  of  the  ribbon,  thereby  producing  a 
flat  response-frequency  characteristic  over  the  useful  range  of  signal 
frequencies. 

Carrier  and  Motor  Control  Oscillator 
This  portion  of  the  equipment  furnishes  the  carrier  frequency  of 
2,400  cycles  per  second  and  the  motor  control  frequency  of  300  cycles 
per  second  accurate  to  within  a  few  parts  in  a  million.  The  arrange- 
ments used  consist  of  a  300-cycle  tuning  fork  within  a  temperature 
regulated  container,  a  vacuum  tube  amplifier  circuit  designed  to 
provide  controlled  regenerative  operation  of  the  fork,  and  a  vacuum 
tube  harmonic  generator  for  supplying  the  carrier  frequency. 

Although  this  general  method  for  obtaining  a  constant  frequency 
is  old  and  has  been  described  previously,^-  ^-  ^^  in  view  of  its  importance 
in  the  operation  of  the  present  telephotograph  equipment  it  may  be 
of  interest  to  indicate  briefly  the  specific  arrangements  employed. 

The  tuning  fork  is  made  of  a  heat  treated  nickel  chromium  steel 
alloy  to  obtain  a  small  frequency-temperature  coefficient  and  is 
mounted  in  a  thermostatically  controlled  metal  cylinder  wound  with 
a  heating  coil  over  which  are  wrapped  alternate  layers  of  copper  and 
felt  to  provide  attenuation  of  heat  transfer. ^^  The  pick-up  and  drive 
coils  associated  with  the  fork  are  connected  to  the  vacuum  tube 
amplifier  circuit  as  shown  in  Fig.  7.  The  frequency  of  a  fork  is 
affected  by  a  number  of  factors  including  temperature,  amplitude  of 
vibration,  and  aging  of  the  material.  Since  it  is  impracticable  to 
maintain  constant  all  of  the  factors  involved,  it  is  necessary  to  provide 
means  for  occasional  adjustment  to  meet  the  requirements  for  con- 
stancy desired  in  picture  transmission.  In  the  present  equipment  the 
temperature  of  the  fork  is  maintained  within  ±0.1  degree  of  its 
nominal  value  of  50  degrees  centigrade;  two  adjustments  are  provided 
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for  changing  the  ampHtude,  one  of  which  varies  the  grid  potential  of  a 
vacuum  tube  which  acts  to  limit  the  current  supplied  the  driving  coil, 
and    the   other,   a   variable   capacitor   in    the   cireuil    containing   the 
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Fig.  7 — Carrier  and  motor  control  oscillator. 


pick-up  coil  varies  the  phase  relation  between  the  currents  in  the 
drive  and  pick-up  coils.  Three  outputs  are  provided  from  the  oscilla- 
tor, two  for  the  sending  and  receiving  motor  control  circuits  and  the 
third    for    the   carrier   frequency   supplied    the   sending    light    valve. 
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All  of  these  outputs  terminate  in  high  impedance  circuits  and  have  no 
appreciable  reaction  upon  the  constancy  of  operation  of  the  fork. 

Line  Facilities  Used  with  the  New  Telephotograph  Equipment 
Requirements  for  the  communication  channel  used  in  the  trans- 
mission of  pictures  are  obviously  dependent  upon  the  characteristics 
of  the  telephotograph  equipment  employed  and  the  amount  of  de- 
gradation resulting  from  transmission  which  can  be  tolerated.  In 
general,  telephotograph  equipment  capable  of  recording  the  trans- 
mitted signals  with  a  degree  of  fidelity  of  the  order  required  for  good 
pictures  may  also  record  certain  extraneous  disturbances  in  the 
transmission  channel  which  will  appear  as  blemishes  on  the  received 
picture.  The  more  important  of  these  disturbances  are  abrupt 
variations  in  line  net  loss,  delay  distortion,  certain  types  of  noise, 
echoes,  and  crosstalk.  With  the  exception  of  delay  distortion  which 
is  more  pronounced  for  the  new  equipment  because  of  its  higher  speed 
of  transmission,  the  requirements  relating  to  the  other  disturbances 
are  comparable  to  those  applying  to  the  earlier  Bell  System  equipment. 
Experience  over  a  period  of  years  with  the  earlier  equipment  indicated 
that  selected  telephone  circuits,  specially  conditioned  to  adapt  them 
to  picture  transmission  and  established  as  a  regular  network,  could 
be  relied  upon  to  give  consistently  good  results.  This  general  pro- 
cedure has  been  followed  in  establishing  wire  networks  for  use  with 
the  new  telephotograph  equipment  and  unretouched  reproductions  of 
typical  news  pictures  received  over  such  circuits  are  shown  in  Figs.  8 
and  11. 

The  circuit  facilities  employed  with  the  new  telephotograph  system 
are  4- wire  H-44-25  side  circuits  in  cable  ^^  where  available  and  elsewhere 
2-wire  open-wire  "  side  and  physical  circuits.*  These  facilities  are 
provided  with  delay  equalizer  networks  for  the  frequency  range  from 
1,200  to  2,600  cycles  per  second  and  precautions  are  taken  to  minimize 
various  transmission  disturbances.  Means  are  provided,  controlled 
by  the  sending  telephotograph  equipment,  to  prevent  operation  of  the 
transmission  regulating  network  relays  on  cable  circuits  during  the 
transmission  of  a  picture,  and  to  obtain  one-way  transmission  over 
2-wire  circuits.  A  wire  network  of  nearly  8,000  miles  established  as 
outlined  above  and  connecting  26  stations  of  the  new  telephotograph 
equipment  has  been  in  operation  for  more  than  a  year,  giving  reliable 
and  technically  satisfactory  service. 

*  A  side  circuit  is  a  physical  circuit  that  is  used  for  one  of  the  paths  of  a  phantom 
circuit;  the  notation  H-44-25  indicates  a  loading  coil  spacing  of  6,000  feet,  inductance 
of  physical  or  side  circuit  loading  coils  44  millihenries,  and  inductance  of  phantom 
circuit  loading  coils  25  millihenries. 
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Transmission  Requirements 

The  effects  of  extraneous  line  disturbances  may  or  may  not  be 
particularly  objectionable  in  a  specific  case,  depending  upon  their 
magnitude  and  form  and  also  on  the  nature  and  use  of  the  received 
picture.  Furthermore,  the  predominance  of  the  recorded  disturbance 
may  also  be  affected  by  normal  variations  in  the  adjustments  of  the 
telephotograph  equipment.  It  is  not  practicable,  therefore,  to  estab- 
lish precise  limits  for  the  transmission  requirements.  The  following 
values  are  mentioned  as  illustrative  of  the  order  of  magnitude  for 
some  of  the  more  important  requirements  applying  to  circuits  used 
with  the  new  telephotograph  equipment,  and  which  experience  has 
shown  will  give  generally  satisfactory  results. 

(a)  Line  Net  Loss 

Abrupt  variations  in  line  net  loss  of  0.2  decibel  or  greater  usually 
will  produce  a  noticeable  change  in  shade  of  the  received  picture. 
However,  a  gradual  variation  in  net  loss  occurring  over  a  period  of 
minutes  is  less  objectionable  and  in  many  instances  a  change  of  as 
much  as  2  or  3  decibels  during  a  transmission  can  be  tolerated. 

(6)  Noise 

Noise  of  a  single-frequency  type  is  likely  to  be  recorded  in  the 
received  picture  as  an  objectionable  moire  pattern  if  the  difference 
between  the  maximum  signal  and  interference  energy  is  less  than 
50  decibels.  However,  if  the  interference  energy  is  distributed  over  a 
relatively  wide  frequency  band  an  energy  difference  of  about  35 
decibels  usually  can  be  tolerated. 

(c)  Delay  Distortion 

Delay  distortion  introduced  by  the  circuit,  if  of  sufficient  magnitude, 
may  produce  multiple  outlines  along  the  edges  of  objects  or  lines  in 
the  received  picture  and  result  in  a  loss  or  general  masking  of  picture 
detail.  In  order  that  this  effect  may  be  inappreciable  in  pictures 
received  with  the  new  telephotograph  equipment  it  is  desirable  that  the 
maximum  deviation  in  envelope  delay  throughout  the  useful  frequency 
band  (1,200  to  2,600  cycles  per  second)  be  less  than  ±  300  micro- 
seconds. 

D-C.  Control  Circuit 

Sudden  small  variations  in  line  net  loss  are  normal  on  toll  cable 
circuits  in  the  United  States  as  the  result  of  the  stepping  of  the  regu- 
lating network  relays,  which,  under  control  of  a  pilot  wire  regulator, 
compensate  for  the  effect  of  temperature  changes  on  the  attenuation 
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Fig.  9 — Telephotograph.     Received  4}4  by   6}^   inches   with   100  lines   per   inch. 
Reproduced  by  courtesy  of  the  Associated  Press. 
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Fig.    10— 'ielephotooraph.      Received    10  by    1432  inches   with    100  lines   per  inch. 
Reproduced  by  courtes>-  of  the  Associated  Press. 
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of  the  circuit.  Since  these  sudden  variations  in  net  loss  produce 
noticeable  changes  in  shade  of  the  received  picture,  means  similar  to 
those  employed  with  the  earlier  Bell  System  telephotograph  equipment 
have  been  made  available  to  prevent  these  relays  from  operating 
while  a  picture  is  being  transmitted.  Simple  types  of  control  units 
actuated  by  signals  transmitted  over  a  control  circuit  are  connected 
to  each  regulating  repeater  associated  with  the  picture  circuit.  This 
control  circuit  consists  of  two  one-way  d-c.  channels  obtained  by 
compositing  the  telephotograph  circuit  and  extended  to  each  tele- 
photograph  station  over  simplexcd  loop  arrangements.  The  control 
circuit  is  also  arranged  to  perform  other  functions  such  as  effecting 
one-way  transmission  of  the  2-wire  circuits  during  a  picture  trans- 
mission. The  operation  of  the  control  circuit  normally  is  performed 
automatically  at  the  sending  telephotograph  station. 

Inasmuch  as  the  transmission  requirements  for  this  control  circuit 
are  very  lenient  compared  with  those  for  telegraphy,  it  has  been 
possible  to  employ  simple  types  of  d-c.  repeaters  as  illustrated  in 
Fig.  12.  A  signal  from  the  subscriber's  sending  equipment  operates 
the  receiving  relay  of  the  station  repeater,  which  in  turn  places  a 
ground  on  the  M  lead  and  thus  transmits  the  signal  to  all  line  repeaters 
which  may  be  associated  with  this  junction.  Only  one  direction  of 
operation  at  a  time  is  possible  so  that  when  a  sending  telephotograph 
station  takes  control  at  the  beginning  of  a  picture  transmission  the 
control  circuit  is  operated  and  remains  in  this  condition  until  released 
automatically  at  the  end  of  the  transmission.  A  slow  release  circuit 
is  provided  in  the  d-c.  repeater  used  at  regulating  network  points  on 
the  cable  circuits  and  also  in  another  type  of  repeater,  not  shown  but 
used  on  open-wire  circuits  to  obviate  false  operation  of  the  repeaters 
as  the  result  of  interruptions  of  less  than  two  seconds  duration. 

Delay  Equalization 

Delay  equalization  "  of  telephotograph  circuits  is  not  new,  but  was 
applied  in  1925-26  to  certain  medium-heavy  loaded  toll  cable  circuits 
between  New  York  and  Boston  which  w^ere  used  in  the  early  Bell 
System  telephotograph  service.  (This  application  was  discussed  in 
reference  14  relative  to  delay  distortion,  and  examples  of  transmitted 
printed  matter  were  reproduced.)  However,  because  of  the  increased 
speed  of  transmission  of  the  new  telephotograph  equipment  and  the 
demand  for  longer  circuits  for  picture  transmission  it  has  been  necessary 
to  make  further  application  of  delay  equalization  to  some  of  the  more 
common  types  of  circuits  used  for  this  purpose. 
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Delay  distortion  in  H-44-25  cable  circuits,  which  is  largely  the  result 
of  the  loading,  has  been  compensated  by  delay  networks  consisting  of 
a  basic  unit  correcting  for  150  miles  of  composited  19-gauge  side 
circuit,  adjustable  in  10-mile  steps,  and  a  "mop-up"  unit  of  four 
sections  for  more  complete  compensation.  A  balanced  lattice  type  of 
structure   was   used   in   the  design   of   these  equalizers.     Figure    13 


2 
Z 

<    7.5 


7.1 


WITH   DELAY 
EQUALIZER 

-^ 

WITHOUT 

DELAY 

EQUALIZER 

/ 
/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 
/ 

/ 
/ 

/ 
/ 

f 

/ 

y' 
y 

y 

y 

y 
y 

y 

y^ 

^ 

^^^^ 

---' 

.--^ 

1400  1600  1800  2000  2200 

FREQUENCY    IN  CYCLES  PER  SECOND 


2800 


Fig.   13 — Delay  characteristic  of  135  miles  of  H-44  repeatered  and  composited  side 
circuit  before  and  after  equalization. 


illustrates  the  application  of  equalizer  units  to  cable  circuits  and  shows 
the  delay  characteristics  before  and  after  equalization.  Similar  types 
of  delay  equalizers  have  been  applied  to  open-wire  circuits,  in  which 
case  it  is  the  equipment  located  at  the  repeater  stations  rather  than 
the  line  itself  which  is  responsible  for  delay  distortion.  The  delay 
equalizers  are  normally  located  at  terminal  and  bridging  points  on 
the  telephotograph  network  and  at  some  intermediate  points  such  as 
junctions  of  open-wire  and  cable  circuits. 
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Telephotograph  Networks 

One  of  the  obvious  advantages  of  network  operation  of  telephoto- 
graph stations  is  that  it  offers  a  means  for  rapid  and  simultaneous 
distribution  of  facsimile  information  and  pictures  to  a  large  number  of 
receiving  points.  This  method  of  operation  appears  to  be  particularly 
advantageous  for  use  by  the  large  news-picture  gathering  and  dis- 
tributing agencies  giving  a  nation-wide  service.  Such  network  opera- 
tion of  a  number  of  telephotograph  stations  presents  additional 
requirements,  not  mentioned  in  the  preceding  paragraphs,  which  may 
be  of  general  interest. 

Requirements  encountered  in  connecting  a  large  number  of  sending 
and  receiving  stations  were  that  any  sending  station  should  be  able 
to  transmit  a  picture  simultaneously  to  all  receiving  stations,  and 
that  any  one  station  could  be  selected  as  the  transmitting  point, 
establishing  a  new  direction  of  transmission  with  a  minimum  loss  of 
time.  The  situation  has  been  met  by  permanently  bridging  each 
telephotograph  station,  consisting  of  separate  sending  and  receiving 
equipment,  to  the  wire  network  on  a  4-wire  basis  using  separate 
sending  and  receiving  station  loops  and  performing  automatically  such 
switching  operations  as  may  be  involved  in  altering  the  direction  of 
transmission. 

Typical  arrangements  which  have  been  used  at  a  bridging  point  on 
a  telephotograph  network  are  illustrated  in  Fig.  14.  Suppose,  for 
example,  that  the  telephotograph  station  at  this  point  wishes  to 
transmit  a  picture  to  the  network.  Operation  of  a  key  associated 
with  the  subscriber's  telephotograph  transmitting  equipment  sends 
out  a  d-c.  signal  over  the  simplexed  loop  to  the  control  circuit  station 
repeater  at  the  local  telephone  ofihce.  Since  this  repeater  is  multipled 
with  the  d-c.  repeaters  associated  with  each  of  the  telephotograph 
circuits  connected  at  this  point,  the  signal  is  transmitted  over  the 
entire  network  and  the  switching  operations  performed  to  place  the 
circuits  in  condition  to  send  a  picture  from  this  point.  The  d-c. 
repeaters  at  the  local  telephone  ofifice  also  cause  short  circuits  to  be 
applied  to  the  incoming  transmission  paths  which  are  connected  to 
the  bridging  networks,  thus  preventing  the  temporarily  inactive  parts 
of  the  circuit  from  contributing  possible  disturbances  to  the  outgoing 
paths  being  used.  This  figure  also  indicates  the  switching  operations 
performed  on  the  4-wire  terminating  set.  At  the  conclusion  of  the 
transmission  the  d-c.  control  circuit  is  automatically  released  by  the 
transmitting  machine  and  the  circuits  returned  to  the  initial  two-way 
condition  permitting  any  station  on  the  network  to  seize  control  of 
the  circuits  for  picture  transmission.     Signal  lamps  are  provided  at 
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all  d-c.  repeater  points  and  are  actuated  by  the  d-c.  control  circuit  to 
indicate  when  pictures  are  beinij  transmitted  over  the  network  and 
also  the  direction  of  transmission. 

The  problems  involved  at  junction  points  in  connecting  a  number 
of   circuits,    particularly   of    the    4-wire    type,    have   been    simplified 
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Fig.   14 — Schematic  diagram  of  arrangements  at  a  typical  bridging  point. 


through  the  use  of  a  new  form  of  bridging  network.  Although  this 
situation  could  be  met  by  employing  unilateral  devices  such  as  vacuum 
tube  amplifiers,  it  was  found  that  comparable  results  could  be  obtained 
simply  and  at  less  expense  with  interconnected  resistance  type  pads. 
Two  designs  of  such  networks,  essentially  alike  except  for  the  values 
of  attenuation  provided,  are  in  use,  one  for  cable  and  the  other  for 
open-wire  circuits.     These  bridges  are  used  not  only  at  junctions  of 
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circuits  forming  the  network  but   also  at  all   points  at  which   tele- 
photograph  stations  are  connected. 

A  single  line  schematic  of  the  type  of  bridging  network  employed 
is  shown  in  Fig.  15  (upper  left),  and  a  more  complete  representation  of 
a  portion  of  the  network  used  on  cable  circuits  is  shown  in  Fig.  15 
(lower  right) .  Current  entering  the  bridge,  for  example  at  the  West 
input,  traverses  three  direct  paths  of  equal  attenuation  and  leaves  at 
East  output  and  branch  A  and  branch  B  outputs.  There  are,  of  course, 
numerous  indirect  paths  between  the  West  input  and  each  of  the  bridge 
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Fig.   15 — Single  line  diagram  of  cable  and  open-wire  bridging  networks  (upper  left) 
and  portion  of  cable  bridge  showing  arrangement  of  resistances  (lower  right). 


outputs;  for  example,  there  are  two  parallel  paths  to  each  output. 
Each  of  these  two  paths  has  three  times  the  attenuation  of  a  direct 
path  and  the  current  through  it  is  180  degrees  out  of  phase  with  that 
through  a  direct  path  because  of  the  reversals  shown  in  the  wiring. 
However,  the  aggregate  of  all  of  the  indirect  paths  does  not  appreciably 
alter  the  loss  between  input  and  output  of  this  bridge  as  calculated 
by  neglecting  them.  It  may  be  noted  that  the  two  directions  of 
transmission  for  the  same  circuit  are  connected  by  six  parallel  paths 
each  of  which  has  three  times  the  attenuation  of  a  direct  path  be- 
tween an  input  and  output  of  the  bridge.     The  currents  through  three 
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of  these  paths  are  180  degrees  out  of  phase  with  the  currents  in  the 
others,  and  hence  would  result  in  infinite  attenuation  of  the  echo 
were  it  not  for  small  unbalance  currents.  Measured  crosstalk  losses 
for  the  echo  paths  in  excess  of  70  decibels  have  been  obtained  for 
these  bridging  networks  manufactured  with  ordinary  tolerances. 

Certain  auxiliary  features  may  also  be  incorporated  in  telephoto- 
graph  networks  to  assist  in  their  operation  and  perform  other  related 
functions.  For  example,  telephotograph  methods  are  not  efficient  in 
their  present  form  for  the  rapid  exchange  of  operating  instructions; 
therefore  telephone  facilities  may  be  associated  with  a  telephotograph 
network  for  use  by  the  customer  in  coordinating  the  operation  of  this 
system.  Arrangements  may  be  used  whereby  such  voice  communica- 
tion may  be  carried  on  over  the  telephotograph  circuit  between 
picture  transmissions,  and  loud  speakers  may  be  bridged  on  the  circuit 
for  monitoring  purposes. 
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Equivalent  Networks  of  Negative-Grid  Vacuum  Tubes  at 
Ultra-High  Frequencies 

By  F.  B.  LLEWELLYN 

It  is  shown  that  the  equivalent  network  of  negative-grid  vacuum  tubes 
both  at  low  and  at  very  high  frequencies  may  be  expressed  in  many  different 
forms.  Several  are  suggested  and  the  advantages  of  two  are  described  in 
some  detail.  One  of  these  is  closely  analogous  to  that  which  is  in  general 
use  at  low  frequencies  and  requires  only  the  addition  of  resistive  components 
in  series  both  with  the  cathode-grid  and  the  grid-plate  capacitances  to  make 
it  applicable  to  frequencies  where  transit  time  effects  are  appreciable 
though  moderately  small.  The  resistance  in  series  with  the  grid-plate 
capacitance  is  negative  in  sign.  In  this  form  of  the  equivalent  network, 
electron  transit  times  do  not  introduce  a  phase  angle  into  the  amplification 
factor. 

The  paper  is  divided  into  two  parts.  The  first  gives  a  descriptive  in- 
terpretation of  the  results  while  the  second  contains  the  mathematical 
manipulations. 

Part  I 

TT  7'HEN  the  equivalent  network  of  a  vacuum  tube  is  mentioned, 
^  ^  it  brings  to  the  mind  of  practically  every  radio  engineer  a 
certain  combination  of  resistances  and  capacitances  together  with  an 
internal  /^-generator  which  has  become  familiar  through  years  of  use. 
Historically,  this  equivalent  network  did  not  spring  into  being  full 
grown  like  Athena  from  the  forehead  of  Zeus,  but  was  the  result  of  a 
slow  and  painful  development.  The  beginnings  of  the  equivalent 
network  of  negative-grid  vacuum  tubes  are  to  be  found  in  the  work  of 
Nichols  where  it  was  pointed  out  that  a  non-linear  resistance  is  the 
equivalent  of  a  fixed  resistance  in  series  with  a  generator.  As  a 
second  step,  Van  der  Bijl's  relation  states  that  the  plate  current  in  a 
vacuum  tube  is  a  function  of  the  plate  voltage  plus  a  constant  times 
the  grid  voltage.  This  constant  was  identified  with  our  well-known 
amplification  factor  n  and  it  was  an  easy  step  thereafter  to  combine 
the  Van  der  Bijl  and  Nichols  relations  and  represent  the  vacuum  tube 
by  the  equivalent  network  shown  in  Fig.  1. 

Here  the  cathode  is  located  at  C  and  the  plate  at  P.  Between  them 
the  vacuum  tube  is  represented  by  the  internal  plate  resistance  rp 
acting  in  series  with  the  fictitious  generator  noVg.  This  equivalent 
naturally  represents  conditions  between  the  cathode  and  plate  at  very 
low  frequencies  only,  because  the  low-frequency  impedance  between 
the  grid  element  and  the  other  electrodes  is  so  high  that  it  can  safely 
be  disregarded.     Such  an  equivalent  network  was  satisfactory  only  so 
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Figs.  1-6 — Equivalent  vacuum  tube  networks. 
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long  as  frequencies  were  low  enough  to  allow  this  last  approximation 
to  remain  valid.  With  the  advent  of  higher  frequencies  it  became 
evident  that  the  internal  tube  capacitances  played  an  important  role 
in  the  operation  of  the  device.  The  lengths  to  which  early  workers 
went  to  include  the  capacitance  effects  are  illustrated  by  the  compli- 
cated formulas  on  page  207  of  Van  der  Bijl's  well-known  book  on 
Thermionic  Vacuum  Tubes.  F'urther  study,  however,  showed  that 
the  complication  could  be  overcome  largely  by  a  modification  of  the 
simple  network  of  Fig.  1  so  that  capacitances  are  introduced  between 
all  three  elements  of  the  vacuum  tube.  The  result  is  Fig.  2  which 
has  been  adequate  in  the  past  for  all  purposes.  In  comparatively 
recent  years,  however,  increasing  frequencies  demand  that  a  further 
revision  be  made. 

The  necessity  for  revision  first  became  evident  with  the  discovery 
that  the  impedance  measured  between  grid  and  cathode  when  a  very 
large  condenser  was  placed  between  plate  and  cathode,  showed  an 
important  resistive  component  at  very  high  frequencies  so  that  the 
simple  combination  of  Fig.  2  involving  only  capacitances  for  the  grid- 
cathode  and  grid-plate  impedance  was  no  longer  valid.  The  tools  for 
effecting  the  modification  of  Fig.  2  are  available  ^  and  already  have 
been  employed  to  a  certain  extent.  These  tools  are  the  result  of  a 
theoretical  analysis  of  the  motions  of  electrons  within  vacuum  tubes 
and  started  from  fundamentals.  With  the  reservation  that  they 
apply  strictly  to  planar  rather  than  cylindrical  tube  structures,  the 
results  should  therefore  require  little  further  modification  for  some 
time  to  come. 

The  first  result  of  theoretical  analysis  was  to  produce  an  equivalent 
network  which,  on  the  face  of  it,  resembles  Fig.  2  only  remotely,  but 
which  can  be  shown  ^  to  be  exactly  equivalent  at  low  frequencies. 
This  generalized  theoretical  network  is  shown  in  Fig.  3.  It  may  be 
seen  to  consist  of  two  branches  only,  which  exist  respectively  between 
cathode  and  grid  and  between  cathode  and  plate.  Both  branches 
contain  internal  generators  and,  in  general,  the  impedance  in  neither 
branch  is  a  pure  resistance  but  depends  upon  a  number  of  factors 
including  the  time  required  by  electrons  in  traversing  the  vacuum 
tube.  The  immediate  query  which  results  from  inspection  of  Fig.  3 
is  "What  has  become  of  the  grid-plate  path?"  The  answer  to  this 
lies  in  the  definition  of  current  in  Fig.  3  so  that  the  cathode-plate 
path  is  included  in  the  network  as  shown.  This  definition  of  current 
is  merely  the  generalized  one  adopted  years  ago  by  Maxwell  when  he 

^  F.  B.  Llewellyn,  "Operation  of  Ultra-High-Frequency  Vacuum  Tubes,"  Bell 
Sys.  Tech.  Jour.,  Vol.  XIV,  pp.  632-665,  October  1935. 
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realized  that  a  change  in  electric  intensity  produces  precisely  the  same 
effect  in  a  circuit  as  does  an  actual  motion  of  charge.  In  Fig.  3  this 
means  that  the  current  entering  the  branch  between  cathode  and  grid 
for  example  consists  not  only  of  ordinary  conduction  current  but  also 
of  displacement  current  so  that  the  current  in  the  cathode-grid  mesh 
is  the  whole  current  flowing  into  the  grid  element.  Likewise,  the 
current  in  the  cathode-plate  mesh  is  the  whole  current  flowing  into  the 
plate  element  of  the  tube. 

In  Part  II  straightforward  transformation  of  the  equations  repre- 
senting Fig.  3  shows  that  it  may  be  represented  just  as  well  by  an 
infinite  number  of  other  equivalent  networks.  Naturally  our  aim  is 
to  choose  the  form  of  network  which  is  easily  adaptable  to  the  greatest 
number  of  practical  applications,  and  the  one  that  suggests  itself 
primarily  for  this  purpose  contains  the  fewest  number  of  internal 
generators.  A  second  consideration  in  the  choice  of  the  best  equivalent 
network  is  that  the  network  should  resemble  the  familiar  delta  equiva- 
lent of  Fig.  2  as  closely  as  may  be,  so  that  results  based  on  that  figure 
may  be  interpreted  readily  in  terms  of  the  more  general  network. 

Fig.  2  is  actually  a  modified  form  of  a  delta  network.  The  most 
general  delta  would  be  the  one  shown  in  Fig.  4  which  consists  of  three 
series  branches,  each  containing  an  internal  generator  in  series  with 
an  impedance.  When  the  mathematical  transformations  from  Fig.  3 
to  Fig.  4  are  carried  through,  it  is  found  that  a  proper  choice  of  defini- 
tions for  the  various  impedances  reduces  Fig.  4  to  the  network  shown 
in  Fig.  5.  Here  only  one  internal  generator  remains,  but  that  generator 
acts  in  series  with  the  internal  plate  impedance  of  the  tube  so  that 
Fig.  5  does  not  quite  conform  to  the  popular  network  where  a  capaci- 
tance is  assumed  to  shunt  the  internal  generator  by  acting  directly 
between  plate  and  cathode.  However,  again  it  can  be  shown  that 
Fig.  5  may  be  transformed  to  Fig.  6  and  by  a  proper  choice  of  the  two 
impedances  Z'  and  Z",  the  internal  generator  reduces  merely  to  our 
familiar  low-frequency  amplification  factor  multiplied  by  the  grid 
potential  variation. 

Thus  Fig.  6  with  the  associated  definitions  of  impedance  represents 
the  generalized  form  of  the  equivalent  network  of  negative-grid  vacuum 
tubes  and  is  valid  until  the  velocity  of  the  electrons  approaches  that 
of  light  or  until  the  distance  between  elements  of  the  vacuum  tube 
becomes  comparable  to  the  free-space  wave-length  of  any  ultra-high 
frequency  considered.  The  expressions  for  the  various  impedances  in 
Fig.  6  are  naturally  long  and  complicated.  However,  at  frequencies 
where  the  efi^ects  of  transit  time  of  the  electrons  are  only  moderately 
important,  the  complication  reduces  enormously  and  we  have  Fig.  7. 
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Fig.  7 — General  equivalent  of  vacuum  tubes  valid  for  moderately  high  frequencies. 

This  is  nearly  identical  with  the  well-known  equivalent  which  was 
shown  in  Fig.  2,  and  the  modification  consists  only  of  the  addition  of 
series  resistors  in  the  internal  cathode-grid  and  cathode-plate  paths. 
A  phase  angle  in  the  amplification  factor  is  avoided  by  the  resistances 
in  series  with  the  capacitances.^  The  impedance  in  series  with  the 
/z-generator  is  the  well-known  internal  plate  resistance  as  given  by  the 
slope  of  the  static  characteristic  of  the  tube.  The  capacitances  are 
likewise  those  we  have  used  all  along  at  lower  frequencies,  but  the 
mathematics  now  enables  their  dielectric  constants  to  be  computed. 
Fig.  7  will  be  found  to  be  valid  at  any  of  the  frequencies  for  which 
negative-grid  tubes  are  now  contemplated  for  commercial  application, 
including  those  where  the  transit  angle  is  about  half  a  radian. 

Much  has  been  said  and  written  of  late  years  about  the  active  grid 
loss.^'  ^'  *•  ^     In  Fig.  7  this  would  be  determined  by  placing  a  large 

2  It  can  be  shown  that  measurements  published  in  a  paper  "Phase  Angle  of 
Vacuum  Tube  Transconductance,"  F.  B.  Llewellyn,  Proc.  I.  R.  E.,  Vol.  22,  August 
1934,  may  be  interpreted  as  well  in  terms  of  the  phase  angle  of  the  grid-plate  imped- 
ance. If  the  phase  angle  of  the  latter  is  a,  and  the  angle  measured  for  the  paper  is  d, 
then 

,        C,    sin  0  cos  <i>  tan  6 
sm-a  =  l--^-t- ^^^ 

where  C'  is  the  grid-plate  capacitance  of  the  cold  tube,  C  of  the  hot  tube,  and  0  is 
the  phase  angle  of  the  inductive  branch  of  the  tuned  circuit  used  in  the  experiments. 

^  Loc.  cit. 

^  J.  G.  Chaffee,  "The  Determination  of  Dielectric  Properties  at  Very  High  Fre- 
quencies," Proc.  I.  R.  E.,  Vol.  22,  August  1934. 

^  W.  R.  Ferris,  "Input  Resistance  of  Vacuum  Tubes  as  Ultra-High  Frequency 
Amplifiers,"  Proc.  I.  R.  E.,  Vol.  24,  January  1936. 

'  D.  O.  North,  "Analvsis  of  the  Effects  of  Space  Charge  on  Grid  Impedance," 
Proc.  I.  R.  E.,  Vol.  24,  January  1936. 
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condenser  between  cathode  and  plate  and  measuring  the  input  im- 
pedance. The  result  of  computing  the  impedance  from  Fig.  7  agrees 
with  that  formerly  presented  ^  as,  of  course,  it  should,  since  both 
results  were  derived  from  the  same  fundamental  analysis.  This 
agreement,  however,  is  mentioned  by  way  of  giving  an  example  which 
checks  the  algebraic  manipulations  which  were  employed  in  arriving 
at  Fig.  7. 

Finally  the  values  of  the  various  elements  in  Fig.  7  are  summarized 
in  Table  I.     The  formulas  naturally  are  very  long  and  their  greatest 

TABLE   I 
Referring  to  Fig.  7 
Let  CcJ,  Cy,/,  Ccp  be  capacitances  of  cold  tube, 

y  =  --  be  ratio  oi  g  —  p  to  c  —  g  spacing, 

Xc 

T 
h  =  -^  be  ratio  oi  g  —  p  X.Q  c  —  g  transit  time, 

•l    c 

N  =  iy  -  h'){9  +  Uh  +  iSh'-)  -  5W  -  W5¥  -  27h'  +  21  h\ 
Cep  -  3  Ccp  |_      J  ^  ^  _^  ^^     J  1.  '  ^  ^'       2  y  -  h'i 


Tp  =  same  as  at  low  frequencies. 

Ceo    =    C, 


L     1  +  iW  +  MO     J   y  ' 

"   ^"^   L      1  +iW-  +  Mo      J 

r         rp(y  -  ¥)         -]  r  45MoAn 

L45mo(1  +  ^/  +  Mo)J  L  y-h'\' 


use  probably  is  in  describing  the  simple  circuit  of  Fig.  7  where  the 
values  of  the  various  elements  can  actually  be  measured  or  computed 
as  convenient. 

The  easiest  way  to  visualize  the  equations  is  to  apply  them  to  a 
special  case  which  can  be  approached  experimentally;  namely  the 
condition  that  the  time  required  by  electrons  in  moving  from  grid  to 
plate  is  much  shorter  than  the  cathode-grid  time.  When  this  is  the 
case,  the  formulas  reduce  to  those  shown  in  Table  II.     These  show 
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TABLE   II 
Referring  to  Fig.  7 
Let  CcJ,  Cgp',  Ccr'  '"-'  capacitances  of  cold  tube, 

y  =  -  -  =  ratio  of  g  —  p  to  c  —  g  spaciiiJL;, 

T 

A  =  -=r  =  ratio  oi  g  —  p  to  c  —  g  transit  time. 

i  e 


Then  when  h—*-0: 


Tp  =  same  as  at  low  frequencies, 
r    _  ^  r  '  r   1  +  y  +  MO 


1  r^ 

5   MO 


r  1  +  y  +  MO  1  _ 
[1+3^+..] 


'■'"  ~  80  MO 


^    _  /-  /T  1  +y  +  MO 


that  the  cathode-plate  and  cathode-grid  capacitances  have  dielectric 
constants  greater  than  unity,  but  that  the  grid-plate  capacitance  has 
a  dielectric  constant  less  than  unity.  The  cathode-grid  resistance  is 
positive,  and  the  grid-plate  resistance  is  negative. 

The  outstanding  result  of  this  investigation  of  the  network  repre- 
senting the  negative-grid  tube  is  the  demonstration  of  the  slight 
modification  required  in  our  conventional  network  to  make  it  accurate 
even  in  the  ultra-high-frequency  range.  The  amplification  factor  is 
the  familiar  low-frequency  one,  and  at  moderately  high  frequencies, 
the  only  alteration  needed  in  the  conventional  diagram  is  the  addition 
of  two  small  but  very  important  resistances,  one  in  the  cathode-grid 
path  and  one  in  the  grid-plate  path,  where  the  resistance  in  the  latter 
path  is  negative  in  sign. 

Part  II 

In  a  recent  paper, ^  general  equations  have  been  derived  which 
describe  the  behavior  of  vacuum  tubes  at  ultra-high  frequencies.     In 

1  Loc.  cit. 
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the  case  of  negative-grid  triodes  and  referred  to  Fig.  8,  these  equations 
take  the  general  form : 

F, +  /zF„  =  /p2p,  (1) 

V,-  vV^=  I,z„,  (2) 


where 


At  = 


(Zi  +  Z2)  -  (Z2  +  Z3  +  Z,) 

(Z2  +  Z3  +  Z.)Z,   +   (Zi  +  Z2)Ze 


(3) 


Z2  +  Z3  +  Z, 

(Z2  +  Z3  +  Zc)Z,  +  (Zi  +  Z2)Ze 
^^  "  Z2  +  Z3  +  z. 

and  the  Z's  may  be  expressed  in  terms  of  the  tube  geometry  and  d-c. 
current  or  voltage  by  means  of  equations  (80)-(84)  in  the  reference. 
In  these  relations  the  currents,  Ip  and  Ig,  denote  the  total  current 
reaching  plate  or  grid,  respectively,  and  hence  include  both  the 
conduction  current  carried  by  the  electrons  themselves  and  the  dis- 
placement current  arising  from  the  change  of  electric  force.  With 
this  meaning  of  current,  (1)  and  (2)  contain  the  complete  description 
of  the  performance  of  the  tube,  and  separate  consideration  of  the 
grid-plate  current,  usual  in  low-frequency  methods,  is  unnecessary 
because  that  current  is  already  included  in  /p  in  (1). 

The  equivalent  network  represented  by  (1)  and  (2)  is  shown  in 
Fig.  8.  Only  two  currents  are  involved,  Ip  and  Ig,  but,  also  two 
internal  generators,  nVg  and  vVp,  are  required.  For  some  purposes, 
an  equivalent  network  which  corresponds  more  nearly  with  the  usual 
low-frequency  delta  arrangement  is  desirable.  Such  an  equivalent 
may  be  obtained  from  (1)  and  (2)  in  conjunction  with  Fig.  9  which 
shows  the  relation  between  currents  in  a  delta  network  and  those  of 
Fig.  8.  In  Fig.  9  no  restriction  is  yet  placed  upon  the  three  currents, 
7i,  I2  and  1 3,  so  that  in  general  they  all  may  be  allowed  to  include 
both  conduction  and  displacement  components.     From  Fig.  9 

Ip  =  h  +  h,  (4) 

Ig  =  h-h.  (5) 

Here  are  two  equations  expressing  the  three  unknowns,  /i,  I1  and  73, 
in  terms  of  the  currents  Ip  and  Ig,  which  are  assumed  to  be  known. 
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Ip+Ig  Vc=0 


r-p  ip 


FIGURE   9 


Vc  =  0 


Fig.  8 — Equivalent  network  of  vacuum  tube  from  equations  (1)  and  (2). 

Fig.  9— Relation  between  currents  of  delta  network  and  those  of  Fig.  8. 

Fig.  10 — Equivalent  delta  network. 

Fig.  11 — Equivalent  cathode-plate  paths. 

Fig.  12— Modified  delta  network  equivalent  to  Fig.  10. 
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It  is  obvious  that  a  third  equation  is  needed  before  the  unknowns  can 
be  found.  But  (4)  and  (5)  express  all  the  relationships  that  are 
necessary  for  the  equivalence  of  Figs.  8  and  9.  It  follows  that  we  are 
at  liberty  to  impose  arbitrarily  a  third  restriction  upon  the  currents 
in  Fig.  9. 

The  choice  of  this  restriction  may  be  made  in  many  ways,  each 
resulting  in  a  different  network,  all  equivalent  however  to  Fig.  8  and 
to  the  vacuum  tube.  For  example,  /i  might  be  defined  as  consisting 
of  conduction  current  only.  Such  a  choice  might  seem  at  first  sight 
to  be  a  desirable  one  because  it  corresponds  rather  well  with  the 
conception  of  the  cathode-plate  path  as  being  determined  by  electron 
movement  at  low  frequencies.  If  it  were  adopted,  however,  the 
generalized  network  resulting  would  be  found  to  be  quite  awkward, 
involving  two  or  more  internal  generators  and  complex  amplification 
factors. 

The  simplest  network  would  be  the  one  involving  the  fewest  number 
of  internal  generators,  and  the  restriction  adopted  in  the  following 
analysis  for  the  currents  in  Fig.  9  is  made  with  that  object  in  view. 
The  result,  as  will  be  shown,  corresponds  at  low  frequencies  with  the 
usual  concept  of  the  tube,  and  gives  a  high-frequency  network  where 
neither  the  cathode-grid  nor  the  grid-plate  paths  contain  internal 
generators. 

The  restriction  which  accomplishes  this  result  is  obtained  by  placing 


Fp  -  F,  =  hZo 


(6) 


so  that  (4),  (5)  and  (6)  determine  the  internal  currents,  h,  h  and  h, 
in  terms  of  the  external  currents  Ip  and  Ig,  and  the,  as  yet,  arbitrary 
impedance  Zq. 

The  solution  of  (1)  to  (6)  yields 


Fp  +  r,   - 


v„ 


^+Zo 

1  -  - -^ 
Zo 

=  h 

Sp 

V 

2/ 
Zo 

r 

Sp 

p 

— 

2o 

=  h 

1 

Zg 

1 

"a 

Zo 

Zo_ 

"- 

(7) 


(8) 


The  choice  of  (6)  eliminates  the  internal  generator  from  the  grid-plato 
path,  but  still  leaves  the  impedance  Zo  to  be  defined  at  will.     From  (8; 
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it  is  evident  that  the  internal  generator  is  eliminated  from  the  cathode- 
grid  path  if  Zo  is  chosen  so  that 

V  =  zJZ,.  (9) 

The  impedance  Zo  will  accordingly  be  taken  to  be  defined  by  (9). 
The  result  is  that  the  fundamental  equations  for  Fig.  9  become: 


,^here 


Vp  +  MaV'o   =    /iZpA, 

(10) 

Vg     =     IsZyi,, 

(11) 

Vp-  V,  =  hZo, 

(12) 

MA 

Z,-Zs                                         1 

7         ' 

Zpd. 

=  Zo  +  Z,  +  Zc+p(Zi-^Z2), 
^       Z.{Z,  +  Z2  +  Z,) 

(13) 

Zo 

=    Z:    +   Z2    +  f?  (Z2   +   Z3    +    Ze). 

The  various  definitions  in  (13)  are  seen  to  be  slightly  simpler  than 
those  in  (3)  but  it  must  be  remembered  that  the  delta-network  involves 
one  more  current-path  than  the  original  ultra-high-frequency  network, 
Fig.  1.     The  delta  corresponding  to  (10)-(13)  is  shown  in  Fig.  10. 

At  frequencies  only  moderately  high,  all  of  the  impedances  in  Fig.  10 
are  composed  of  combinations  of  ordinary  resistances  and  capacitances. 
Both  ZpA  and  Zo  consist  of  a  condenser  and  resistor  in  series. 

In  the  case  of  the  cathode-plate  path  in  Fig.  10,  the  equivalent 
combination  of  resistance  and  capacitance  may  be  represented  by 
either  a  parallel  combination  of  resistance  and  capacitance  which  is  in 
series  with  the  At-generator,  as  shown  at  (6)  in  Fig.  11,  or  a  //-generator 
of  different  value  acting  in  series  with  a  resistance,  and  the  whole  being 
shunted  by  a  capacitance  connected  between  cathode  and  plate,  as 
shown  at  (c)  in  Fig.  11.  The  latter  picture  is  in  more  strict  accord 
with  conventional  practice  but  the  mathematical  relationships  involve 
a  choice  of  definitions  for  11.  It  is  found  by  trial  that  this  choice  may 
be  made  so  that  ii  in  Fig.  12  is  defined  merely  as  /zo,  its  low-frequency 
value,  and  is  independent  of  frequency.  When  this  definition  is 
adopted,  we  have  in  general  the  equivalent  netw-ork  of  Fig.  12  which 
holds  at  high  as  well  as  low  frequencies.  This  differs  from  Fig.  10  in 
the  cathode-plate  path  only,  and  Z',  Z"  are  defined  as  follows,  where  mo 
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is  the  low-frequency  amplification  factor: 

Z=Mo|  ^^-ZTz^  J.  U4) 

Z"  =      r(^2  +  Z3  +  Z.)Z„  +  (Zi  +  Zo)Z.  1  _  ^j3^ 

L  /ioZo  —  Zi  +  Z3  J 

Figure  7  is  the  form  taken  by  Fig.  12  for  moderately  high  frequencies 
where  transit  angle  effects  are  just  beginning  to  become  noticeable. 

In  general,  the  formulas  for  the  impedances  in  the  delta  network 
are  just  as  long  as  in  the  original  network  of  Fig.  8.  The  delta  may, 
however,  have  an  advantage  in  view  of  its  wide  use  in  low-frequency 
work,  and  of  the  fact  that  the  amplification  factor  for  the  delta  can  be 
expressed  without  involving  the  transit  angle,  and  hence  does  not 
contain  a  phase  shift. 


Forces  of  Oblique  Winds  on  Telephone  Wires 

By  J.  A.  CARR 

In  aerial  line  design  it  is  advantageous  to  know  the  effect  of  oblique  winds 
as  well  as  cross  winds.  This  paper  gives  the  results  of  wind  tunnel  tests 
made  on  0.104-inch  and  0.165-inch  diameter  wires  for  each  10°  angle  of 
obliquity  between  0°  and  90°  using  wind  velocities  of  30  to  90  miles  per  hour 
in  steps  of  10  miles  per  hour.  These  results  are  then  analyzed  to  determine 
(1)  their  compliance  with  the  law  of  dynamic  similarity  and  (2)  the  magni- 
tudes of  the  various  wind  components.  From  these  analyzed  results  an 
expression  is  developed  for  the  force  of  oblique  winds  in  terms  of  the  com- 
ponent normal  to  the  wires. 

IN  connection  with  studies  of  wire  arrangements  on  open-wire  lines  ^ 
which  Bell  Telephone  Laboratories  have  had  under  way  for  some 
time,  it  became  necessary  to  evaluate  the  resistance  of  wires  to  winds. 
The  method  of  evaluating  the  force  of  winds  normal  to  the  wires  has 
been  studied  by  many  investigators  and  there  is  a  considerable  amount 
of  data  in  the  literature  on  this  subject.  The  contrary  was  found  to 
be  true  in  the  case  of  oblique  winds  or  those  not  normal  to  the  line. 
This  latter  case  has  been  described  briefly  in  the  records  of  a  test  made 
in  the  National  Physical  Laboratories  ^  (British)  on  a  0.375-inch 
diameter  smooth  wire  at  a  wind  velocity  of  40  feet  per  second  (27.3 
m.p.h.)  with  the  wire  at  angles  to  the  wind  ranging  from  0°  to  90° 
(normal)  in  steps  of  10°  and  also  in  the  records  of  M.  Gustave  Eififel,^ 
who  made  a  similar  test  at  somewhat  higher  velocities.  Since  the 
wires  we  are  concerned  with  range  from  about  0.1  to  0.2  of  an  inch  in 
diameter  and  the  wind  velocity  ranges  from  about  30  to  90  miles  per 
hour,  it  appeared  desirable  to  conduct  a  series  of  wind  tunnel  tests  that 
would  extend  these  data  and  more  fully  meet  our  requirements.  Tests 
along  these  lines  were  arranged  with  the  Guggenheim  School  of 
Aeronautics  at  New  York  University.'*  Subsequently,  a  series  of  tests 
was  made  in  the  New  York  University  wind  tunnel  on  0.104-inch  and 
0.165-inch  diameter  smooth  copper  wires  for  each  10°  angle  ranging 
from  0°  to  90°  using  wind  velocities  of  30  to  90  miles  per  hour  in  steps 

1  "Motion  of  Telephone  Wires  in  Wind,"  D.  A.  Quarles,  Bell  System  Technical 
Journal,  April  1930. 

2  Reports  and  Memoranda  Xo.  307,  January  1917,  entitled  "Tests  on  Smooth 
and  Stranded  Wires  Inclined  to  the  Wind  Direction,"  by  E.  F.  Relf  and  C.  H. 
Powell. 

^"Nouvelles  Recherches  sur  La  Resistance  De  L'Air  et  L'Aviation,"  book  by 
M.  G.  Eiffel. 

*  These  tests  were  conducted  by  Professor  Alexander  Klemin  and  his  associates. 
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of  10  miles  per  hour.     The  readings  so  obtained  are  here  studied  and 
analyzed. 

The  wire  set-up  used  in  the  wind  tunnel  is  shown  in  the  accompanying 
picture  (Fig.  1)  and  is  similar  to  that  used  by  Eiffel.*  It  comprised  a 
five-foot  frame  of  0.v3 75-inch  diameter  steel  in  which  five  wires  of  either 
the  0.104-inch  or  0.165-inch  size  were  mounted.  A  spacing  of  2.75 
inches  was  used  between  the  centers  of  the  wires.     The  frame  of  wires 


Fig.  1 — Wind  tunnel  setup. 

was  installed  in  the  approximate  center  of  the  nine-foot  section  of  the 
tunnel  with  the  shorter  axis  of  the  frame  in  a  horizontal  plane  and 
perpendicular  to  the  axis  of  the  tunnel.  This  arrangement  was 
convenient  for  connections  to  the  weighing  mechanism  and  permitted 
the  frame  to  be  rotated  about  its  short  axis. 

During  each  step  in  the  test  the  horizontal  (drag)  and  vertical  (lift) 
forces  on  the  frame  of  wires  were  measured  at  least  three  times.     At  the 
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completion  of  the  series  of  tests  on  each  size  of  wire  the  test  lengths 
were  cut  out  of  the  frame  leaving  about  2  inches  of  each  wire  at  each 
end  and  the  series  of  tests  repeated  so  that  the  net  drag  and  net  lift 
figures  could  be  determined.  The  purpose  of  leaving  the  short 
lengths  of  wire  at  each  end  was  to  provide  a  correction  for  the  inter- 
ference efifects  introduced  at  the  ends  of  the  wires.  This  practice  was 
probably  effective  as  it  will  be  shown  later  that,  where  comparisons 
could  be  made,  the  results  obtained  in  these  tests  agree  satisfactorily 


Fig.  2 — Force  components  of  wind  on  wires. 

Fd  —  Force  along  the  direction  of  wind — drag. 

Fi  =  Force  across  the  direction  of  wind — Hft. 

Fr  =  Resultant  force. 

Fh  =  Force  normal  to  the  wire. 

Ft  —  Force  along  the  wire — tangential. 


with  those  previously  obtained.  This  is  true  even  though  the  frame 
comprised  a  fairly  large  proportion  of  the  total  resistance  especially 
when  the  angle  between  the  wind  and  the  frame  was  small.  The  case 
when  the  wind  and  wires  were  parallel  (tangential)  has  been  omitted 
from  the  results  because  of  the  large  proportion  of  the  total  resistance 
as  well  as  the  interference  offered  by  the  frame  and  because  of  its 
relative  unimportance  to  this  study. 

Figure  2  shows  the  forces  on  the  wires  to  which  consideration  has 
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been  given  here.  From  this  diagram  it  can  be  seen  that  with  values  of 
the  net  drag  {Fd)  and  lift  {Fi),  the  normal  force  {F-,,),  the  resultant 
force  {Fr),  the  tangential  force  {Ft)  and  the  angle  (6)  between  the 
resultant  and  normal  forces  can  be  determined  through  the  following 
relationships : 


(1) 
(2) 
(3) 

(4) 


^n  =  Fi  sin  a  -\-  Fd  cos  a  —  Fr  cos  5, 

Fr  =  ^IWT~F?  =  ^fT+~f}, 

Ft  =  Fd  sin  a  —  Fi  cos  a  =  Fr  sin  8, 

8  =  a  —  arc  tan  -=r  =  arc  tan  -^r  • 

I'd  -In 


The  only  term  in  these  equations  which  is  not  defined  above  is  a. 
This  is  the  angle  between  the  wire  and  the  normal  to  the  wind  or 
between  the  wind  and  the  normal  to  the  wire. 

The  data  determined  through  the  use  of  these  relationships  are 
given  in  the  accompanying  Tables  I  (0.104-inch  wire)  and  II  (0.165- 
inch  wire).  The  forces  in  these  tables  are  given  in  terms  of  pounds  per 
foot  of  wire. 

TABLE  I 
0.104-Inch  Diameter  Wire 


V 

a 

F„ 

Ft 

Fr 

s 

F„ 

j^ 

A. 

(cos  a)' 

30 

0 

0.0194 

0.000000 

0.0194 

0 

0.0194 

0.000207 

10 

0.0189 

0.000431 

0.0190 

1.3 

0.0195 

0.000208 

20 

0.0177 

0.001203 

0.0178 

3.9 

0.0200 

0.000214 

30 

0.0149 

0.001940 

0.0151 

7.3 

0.0198 

0.000212 

40 

0.0119 

0.002540 

0.0122 

12.0 

0.0203 

0.000217 

50 

0.0083 

0.002650 

0.0086 

18.0 

0.0200 

0.000215 

60 

0.0047 

0.002230 

0.0052 

25.4 

0.0188 

0.000201 

Z  =  0.0002 11 

70 

0.0021 

0.001560 

0.0026 

36.7 

0.0180 

0.000194 

80 

0.0008 

0.001050 

0.0013 

53,9 

0.0265 

0.000283 

X  =  0.0002 17 

90 

— 

— 

— 

90.0 

— 

— 

40 

0 

0.0358 

0.000000 

0.0358 

0 

0.0358 

0.000215 

10 

0.0334 

0.000570 

0.0334 

1.1 

0.0345 

0.000207 

20 

0.0300 

0.001520 

0.0301 

2.9 

0.0341 

0.000204 

30 

0.0252 

0.002510 

0.0254 

5.6 

0.0336 

0.000202 

40 

0.0199 

0.003150 

0.0202 

9.0 

0.0340 

0.000204 

50 

0.0144 

0.003360 

0.0149 

13.0 

0.0350 

0.000210 

60 

0.0087 

0.003180 

0.0093 

20.0 

0.0348 

0.000210 

A' =  0.000207 

70 

0.0041 

0.002450 

0.0049 

30.0 

0.0350 

0.000211 

80 

0.0014 

0.001450 

0.0020 

46.1 

0.0467 

0.000279 

X  =  0.0002 16 

90 

— 

— 

— 

90.0 

— 

— 
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a 

F„ 

Ft 

F, 

& 

Fn 

K 

V 

(cos  a)' 

50 

0 

0.0578 

0.000000 

0.0578 

0 

0.0578 

0.000222 

10 

0.0550 

0.000863 

0.0551 

0.9 

0.0570 

0.000218 

20 

0.0494 

0.001980 

0.0495 

2.3 

0.0565 

0.000215 

30 

0.0412 

0.003170 

0.0414 

4.4 

0.0550 

0.000211 

40 

0.0323 

0.003970 

0.0325 

7.0 

0.0550 

0.000207 

50 

0.0233 

0.004350 

0.0235 

10.7 

0.0565 

0.000217 

— 

60 

0.0147 

0.004010 

0.0153 

15.2 

0.0586 

0.000226 

X  =  0.0002 17 

70 

0.0070 

0.003000 

0.0076 

23.2 

0.0600 

0.000230 

_ 

80 

0.0026 

0.002120 

0.0033 

40.0 

0.0867 

0.000339 

X  =  0.000232 

90 

— 

— 

90.0 

— 

— 

60 

0 

0.0854 

0.000000 

0.0854 

0 

0.0854 

0.000228 

10 

0.0787 

0.000950 

0.0788 

0.7 

0.0812 

0.000217 

20 

0.0708 

0.002350 

0.0710 

1.9 

0.0801 

0.000214 

30 

0.0592 

0.003730 

0.0595 

3.6 

0.0790 

0.000210 

40 

0.0475 

0.004960 

0.0476 

6.0 

0.0811 

0.000211 

50 

0.0346 

0.005340 

0.0352 

8.7 

0.0842 

0.000224 

_ 

60 

0.0221 

0.005100 

0.0230 

12.8 

0.0884 

0.000236 

Z  =  0.0002  20 

70 

0.0117 

0.004270 

0.0125 

20.0 

0.1000 

0.000267 

_ 

80 

0.0039 

0.002710 

0.0047 

35.3 

0.1288 

0.000345 

Z  =  0.000239 

90 

— 

— 

— 

90.0 

— 

— 

70 

0 

0.1183 

0.000000 

0.1183 

0 

0.1183 

0.000233 

10 

0.1130 

0.001180 

0.1131 

0.6 

0.1170 

0.000225 

20 

0.1020 

0.002860 

0.1023 

1.6 

0.1155 

0.000227 

30 

0.0873 

0.004950 

0.0873 

3.2 

0.1164 

0.000228 

40 

0.0650 

0.005800 

0.0652 

5.1 

0.1105 

0.000217 

50 

0.0467 

0.006070 

0.0472 

7.4 

0.1130 

0.000222 

_ 

60 

0.0298 

0.005900 

0.0306 

11.1 

0.1190 

0.000234 

X  =  0.000227 

70 

0.0159 

0.004930 

0.0168 

17.0 

0.1370 

0.000267 

_ 

80 

0.0063 

0.003730 

0.0072 

31.3 

0.2100 

0.000410 

X  =  0.000251 

90 

— 

— 

— 

90.0 

— 

— 

80 

0 

0.1570 

0.000000 

0.1570 

0 

0.1570 

0.000236 

10 

0.1510 

0.001310 

0.1510 

0.5 

0.1565 

0.000232 

20 

0.1390 

0.003400 

0.1392 

1.4 

0.1575 

0.000237 

30 

0.1213 

0.005720 

0.1215 

2.7 

0.1617 

0.000243 

40 

0.0918 

0.007050 

0.0920 

4.4 

0.1560 

0.000235 

50 

0.0615 

0.007100 

0.0618 

6.6 

0.1485 

0.000223 

_ 

60 

0.0385 

0.006600 

0.0392 

9.7 

0.1540 

0.000231 

X  =  0.000234 

70 

0.0208 

0.005600 

0.0216 

15.0 

0.1778 

0.000267 

_ 

80 

0.0086 

0.004500 

0.0096 

28.0 

0.2865 

0.000428 

X  =  0.000259 

90 

— 

— 

— 

90.0 

— 

— 

90 

0 

0.2010 

0.000000 

0.2010 

0 

0.2010 

0.000239 

10 

0.1921 

0.001670 

0.1921 

0.5 

0.1990 

0.000235 

20 

0.1788 

0.003740 

0.1790 

1.2 

0.2020 

0.000240 

30 

0.1546 

0.005950 

0.1550 

2.2 

0.2060 

0.000245 

40 

0.1190 

0.008220 

0.1192 

3.9 

0.2030 

0.000241 

50 

0.0840 

0.008500 

0.0844 

5.8 

0.2040 

0.000241 

— 

60 

0.0514 

0.007930 

0.0518 

8.8 

0.2060 

0.000168 

A' =  0.000230 

70 

0.0281 

0.006530 

0.0288 

13.1 

0.2400 

0.000285 

_ 

80 

0.0127 

0.005500 

0.0136 

24.0 

0.4210 

0.000500 

X  =  0.000266 

90 

— 

— 

90.0 
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TABLE   II 
0.165-Inch  Diameter  Wire 


a 

Fn 

Fi 

Fr 

s 

Fn 

X 

V 

(cos  a)' 

30 

0 

0.0328 

0.000000 

0.0328 

0 

0.0328 

0.000221 

10 

0.0319 

0.000559 

0.0319 

1.0 

0.0329 

0.000222 

20 

0.0287 

0.001153 

0.0287 

2.3 

0.0325 

0.000219 

30 

0.0243 

0.001710 

0.0245 

4.0 

0.0324 

0.000218 

40 

0.0187 

0.002158 

0.0188 

6.6 

0.0319 

0.000215 

50 

0.0133 

0.002450 

0.0136 

10.4 

0.0322 

0.000217 

_ 

60 

0.0074 

0.002540 

0.0078 

19.0 

0.0296 

0.000199 

Z  =  0.000216 

70 

0.0032 

0.001900 

0.0037 

30.8 

0.0276 

0.000184 

_ 

80 

0.0010 

0.001330 

0.0018 

47.7 

0.0331 

0.000223 

X  =  0.000213 

90 

— 

— 

90.0 

— 

— 

40 

0 

0.0606 

0.000000 

0.0606 

0 

0.0606 

0.000230 

10 

0.0570 

0.000800 

0.0570 

0.8 

0.0580 

0.000223 

20 

0.0508 

0.001600 

0.0508 

1.8 

0.0575 

0.000218 

30 

0.0427 

0.002235 

0.0428 

3.0 

0.0570 

0.000216 

40 

0.0342 

0.002990 

0.0343 

5.0 

0.0582 

0.000221 

50 

0.0240 

0.003880 

0.0243 

9.2 

0.0580 

0.000220 

_ 

60 

0.0155 

0.004150 

0.0160 

15.0 

0.0620 

0.000235 

X  =  0.0002  23 

70 

0.0074 

0.003500 

0.0082 

25.2 

0.0637 

0.000240 

_ 

80 

0.0023 

0.001840 

0.0029 

39.2 

0.0760 

0.000289 

X  =  0.000232 

90 

— 

— 

— 

90.0 

— 

— 

50 

0 

0.0969 

0.000000 

0.0969 

0 

0.0969 

0.000235 

10 

0.0907 

0.001110 

0.0908 

0.7 

0.0940 

0.000226 

20 

0.0819 

0.002145 

0.0820 

1.5 

0.0925 

0.000235 

30 

0.0692 

0.003260 

0.0693 

2.7 

0.0923 

0.000224 

40 

0.0562 

0.004330 

0.0563 

4.4 

0.0956 

0.000232 

50 

0.0408 

0.005060 

0.0410 

7.1 

0.0986 

0.000229 

_ 

60 

0.0259 

0.005490 

0.0265 

12.0 

0.1035 

0.000251 

X  =  0.000233 

70 

0.0119 

0.004635 

0.0127 

21.4 

0.1025 

0.000247 

_ 

80 

0.0043 

0.002790 

0.0049 

34.0 

0.1430 

0.000346 

X  =  0.000247 

90 

— 



90.0 

— 

— 

60 

0 

0.1425 

0.000000 

0.1425 

0 

0.1425 

0.000240 

10 

0.1350 

0.001420 

0.1350 

0.6 

0.1393 

0.000234 

20 

0.1250 

0.002900 

0.1251 

1.3 

0.1415 

0.000238 

30 

0.1059 

0.004250 

0.1060 

2.3 

0.1410 

0.000238 

40 

0.0862 

0.005740 

0.0866 

3.8 

0.1470 

0.000246 

50 

0.0607 

0.006680 

0.0610 

6.3 

0.1470 

0.000246 

_ 

60 

0.0372 

0.006750 

0.0378 

10.3 

0.01485 

0.000251 

X  =  0.000242 

70 

0.0180 

0.005960 

0.0190 

18.3 

0.1550 

0.000259 

_ 

80 

0.0071 

0.003900 

0.0081 

29.2 

0.2360 

0.000398 

.Y  =  0.000261 

90 

— 

— 

90.0 

— 

— 

70 

0 

0.1970 

0.000000 

0.1970 

0 

0.1970 

0.000244 

10 

0.1850 

0.001608 

0.1850 

0.5 

0.1908 

0.000236 

20 

0.1660 

0.003260 

0.1660 

1.1 

0.1990 

0.000233 

30 

0.1420 

0.004960 

0.1420 

2.0 

0.1895 

0.000233 

40 

0.1180 

0.006600 

0.1185 

3.2 

0.2010 

0.000249 

50 

0.0845 

0.007860 

0.0850 

5.3 

0.2050 

0.000253 

_ 

60 

0.0528 

0.008270 

0.0535 

8.9 

0.2110 

0.000261 

A' =  0.000244 

70 

0.0270 

0.007230 

0.0280 

15.0 

0.2310 

0.000285 

_ 

80 

0.0118 

0.005310 

0.0129 

24.3 

0.3940 

0.000484 

A' =0.000275 

90 

— 

— 

— 

90.0 

— 

i 
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TABLE   \\— {Continued) 


V 

Fn 

Ft 

Fr 

a 

Fn 

ic 

OL 

(cos  a)' 

/v 

80 

0 

0.2610 

0.000000 

0.2610 

0 

0.2610 

0.000247 

10 

0.2520 

0.001765 

0.2520 

0.4 

0.2610 

0.000246 

20 

0.2330 

0.003560 

0.2330 

0.9 

0.2640 

0.000250 

30 

0.2030 

0.005310 

0.2031 

1.5 

0.2710 

0.000256 

40 

0.1650 

0.007200 

0.1652 

2.5 

0.2807 

0.000266 

50 

0.1130 

0.008310 

0.1136 

4.2 

0.2740 

0.000259 

60 

0.0722 

0.008850 

0.0727 

7.0 

0.2890 

0.000273 

Z  =  0.000257 

70 

0.0400 

0.008500 

0.0409 

12.0 

0.3450 

0.000324 

80 

0.0178 

0.006860 

0.0190 

21.2 

0.5930 

0.000559 

X  =  0.000298 

90 

— 

— 

— 

90.0 

— 

— 

90 

0 

0.3335 

0.000000 

0.3335 

0 

0.3335 

0.000250 

10 

0.3262 

0.001920 

0.3263 

0.3 

0.3380 

0.000251 

20 

0.3050 

0.003670 

0.3050 

0.7 

0.3450 

0.000258 

30 

0.2720 

0.005680 

0.2730 

1.2 

0.3627 

0.000271 

40 

0.2235 

0.007640 

0.2240 

1.9 

0.3815 

0.000285 

50 

0.1525 

0.008950 

0.1530 

3.3 

0.3690 

0.000276 

_ 

60 

0.0982 

0.009690 

0.0985 

5.6 

0.3930 

0.000294 

X  =  0.0002  69 

70 

0.0562 

0.009480 

0.0570 

9.6 

0.4840 

0.000359 

80 

0.0252 

0.008430 

0.0266 

17.6 

0.8400 

0.000625 

X  =  0.0003 19 

90 

— 

— 

— 

90.0 

— 

— 

In  characterizing  the  normal  force  of  oblique  winds,  curves  were 
plotted  between  the  normal  force  (F„)  and  the  angle  {a)  between  the 
wind  and  the  normal  to  the  wires.  Figures  3  (0.104-inch  wire)  and 
4  (0.165-inch  wire)  show  these  curves. 

In  studying  the  significance  of  these  curves  and  the  underlying  data, 
consideration  was  first  given  to  the  extent  to  which  the  case  of  normal 
winds  (cos  a  —  \)  followed  the  law  of  dynamic  similarity.  This  law 
states,  in  effect,  that  for  any  two  geometrically  similar  bodies  moving 
through  a  fluid, 


(5) 


F=pV'f 


(") 


Here,  Fis  the  unit  force  at  either  of  two  similarly  situated  points  on  the 
two  bodies,  p  is  the  fluid  density,  V  is  the  velocity  of  the  body,  D  a 
linear  quantity  depending  on  the  dimensions  of  the  body  and  v  is  the 
kinematic  viscosity  of  the  fluid.  The  function  (VD/v)  is  the  well 
known  Reynolds  number  and  the  key  to  dynamic  similarity  require- 
ments in  model  experiments  made  at  ordinary  velocities.  The 
principle  of  dynamic  similarity  is  satisfied  as  long  as  the  Reynolds 
number  is  held  constant. 

In  Report  No.  102  ^  of  the  National  Physical  Laboratories  is  given  an 

*  Reports  and  Memoranda  No.  102,  November  1914,  entitled  "Discussion  of  the 
Results  of  Measurements  of  the  Resistance  of  Wires"  by  E.  F.  Relf. 


594 


BELL  SYSTEM  TECHNICAL  JOURNAL 


empirical  curve  of  the  resistance  of  smooth  wires  to  winds  normal  to  the 
wire.  In  preparing  this  curve  equation  (5)  was  rewritten  in  terms  of 
Iho  total  force  on  a  diameter  length  of  wire,  namely 

(5a)  I-\  =  ,VW-S(j~y 

Then  Fc/pV'D^  was  plotted  as  the  ordinate  and  logio  {VD/v)  as  the 
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Fig.  3— Graphic  relation  between  the  force  (Fn)  normal  to  the  wire  and  the  angle  (a) 
of  wind  direction  from  normal — 0.104-inch  diameter  wire. 

abscissa.  If  the  normal  wind  data  obtained  in  the  studies  of  Bell 
Telephone  Laboratories  were  consistent  with  those  given  in  this 
Report  No.  102  ^  a  plot  of  the  points  determined  through  the  use  of 
equation  (5a)  should  lie  reasonably  close  to  this  curve.  Figure  5 
gives  this  curve  and  a  plot  of  the  normal  wind  results.  These  points 
appear  to  show  satisfactory  agreement. 
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0.34 


20 


30  40  50  60 

ANGLE    a   IN     DEGREES 


80  90 


Fig.  4 — Graphic  relation  between  the  force  (F„)  normal  to  the  wire  and  the  angle  (a) 
of  wind  direction  from  normal — 0.165-inch  diameter  wire. 


596 


BELL   SYSTEM   TECHNICAL   JOURNAL 


In  the  case  of  oblique  winds  it  was  found  from  an  analysis  of  the 
data  that  the  normal  component  of  the  force  was  closely  proportional 
to  cos^  a  over  a  range  of  angles  from  0°  to  60°  from  normal  in  the  case  of 
each  actual  velocity  and  each  size  of  wire.  The  values  of  Fn/cos^  a  are 
given  in  the  accompanying  Tables  I  (0.104-inch  wire)  and  II  (0.165-inch 
wire).  This  agrees  with  the  results  obtained  by  Relf  and  Powell. - 
However,  they  used  only  one  size  of  wire  and  one  wind  velocity  in  their 
tests.     Expressing  this  result  in  terms  of  the  normal  force  gives, 

F  —    {K'  cos-  a)v,  /)=con8taiit- 

This  empirical  expression  suggested  that  a  form  of  relation  existed 
similar  to  that  for  the  case  of  normal  winds  (equation  5a).     Studying 
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CURVE  OF  RESISTANCE  OF  SMOOTH   WIRES  TO  NORMAL  WINDS, 
GIVEN    IN  THE  NATIONAL  PHYSICAL  LABORATORIES  REPORTS  AND 
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MEMORANDA  NO.  102,  BY  E.F.  RELF,  MARCH    1914 
•  RESULTS  OF  BELL  TELEPHONE   LABORATORIES  TESTS  ON  0.104- 
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Fig.  5 — Comparison  of  Bell  Telephone  Laboratories  results  for  normal  winds  with  the 
National  Physical  Laboratories  (British)  results. 

the  results  with  this  in  mind  the  following  equation  was  obtained, 

Fc  =  pV^  cos"  aUy  (^\ 

This  form  of  expression  holds  over  the  range  of  Reynolds  number 
( VDjv)  covered  and,  also,  over  the  range  of  angles  from  0°  to  60°  from 
normal. 

Since  p  (air  density)  and  v  (kinematic  viscosity  of  air)  are  constant 
for  a  particular  atmosphere  this  equation  becomes 


(6) 


Fn  =  K{V COS  ay D. 
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Here,  F„  (the  normal  component  of  wind  force)  is  measured  in  pounds 
per  foot  of  wire.  The  diameter  {D)  of  the  wire  is  in  inches  and  the 
actual  wind  velocity  {V)  is  in  miles  per  hour.  This  is  the  familiar 
equation  for  the  force  of  normal  winds  with  the  addition  of  the  term, 
cos^  a. 

Values  of  the  constant  {K)  found  for  each  value  of  the  actual 
velocity  (F)  and  angle  are  given  in  Table  I  (0.104-inch  wire)  and 
Table  II  (0.165-inch  wire).  The  arithmetical  averages  {X)  of  the 
constants  for  angles  up  to  and  including  60°  and  for  angles  up  to  and 
including  80°  in  the  case  of  each  \elocity  {V)  are  also  given  in  these 
tables.  As  in  the  case  of  normal  winds  and  as  indicated  by  equation 
(6)  K  varies  with  the  product  of  v^elocity  and  wire  diameter  {VD). 
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Fig.  6 — Values  of  the  Constant  iK)  in  Equation  F„  =  Kiy  co?,  oi)'^D  for  variations 
of  the  angle  (a)  of  wind  direction  from  normal — range,  0°  to  60°,  inclusive. 


The  relation  between  the  average  constant  {K)  for  angles  up  to  and 
including  60°  and  the  product  of  velocity  and  wire  diameter  {VD)  is 
summarized  in  the  accompanying  Fig.  6. 

While  our  interest  was  centered  mainly  in  evaluating  the  normal 
force  of  an  oblique  wind  as  stated  above,  some  consideration  has  been 
given  to  the  tangential  force  of  an  oblique  wind  and  the  variability  of 
the  angle  between  the  normal  and  resultant  wind  forces. 

The  tangential  forces  of  the  oblique  winds  were  determined  by 
equation  (3).  Curves,  for  both  sizes  of  wire,  of  tangential  forces 
plotted  against  the  angle  a  are  given  on  Figs.  7  and  8  for  all  velocities 
(30  to  90  m.p.h.)  used  in  the  tests.  The  tangential  force,  of  course,  is  a 
relatively  small  quantity  as  compared  to  the  normal  force.     For  this 
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reason  some  inconsistencies  in  the  data  and  non-uniformity  in  the 
curves  might  be  expected,  particularly  when  plotted  to  such  a  large 
scale  as  used  in  these  graphs.  In  Reports  and  Memoranda  of  the 
National  Physical  Laboratories  ^  it  appeared  from  their  results  that 
this  force  was  not  only  small  but  fairly  constant.  The  results  of  the 
tests  reported  here  indicate  that  while  the  force  is  low  in  magnitude,  it 
varies  with  the  obliquity  and  the  velocity  of  the  wind  and  the  diameter 


o.ooe 
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Fig.  7 — Graphic  relation  between  the  wind  force  along  the  wire  (tangential-7^,)  and 
the  angle  (a)  of  wind  direction  from  normal — 0.104-inch  diameter  wire. 


of  the  wire.  In  the  case  of  0. 104-inch  wire  it  increases  from  zero  until  the 
angle  a  (between  the  wind  and  the  normal  to  the  wire)  is  about  50°  and 
then  decreases  as  this  angle  increases.  The  action  is  similar  in  the  case 
of  0.165-inch  wire  except  the  maximum  is  reached  when  a  is  about  60°. 
Whether  this  shift  in  the  maximum  with  the  wire  diameter  is  real,  and 
how  far  it  would  continue,  is  not  clear  since  only  two  diameters  of 
wire  were  tested.     For  0.104-inch  wire  the  variation  in  the  force  with 
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wind  velocity  when  a  equals  50°  ranges  from  0.00265  to  0.00850  pound 
per  foot  of  wire  for  a  range  of  velocities  from  30  to  90  m.p.h.  In  the 
case  of  0.165-inch  wire  and  an  angle  {a)  of  60°  the  variation  ranges 
from  0.00254  to  0.00969  pound  per  foot  of  wire  for  the  same  range  of 
velocities.     As  mentioned  above  the  frame  in  which  the  wires  were 
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ANGLE    a   IN    DEGREES 

Fig.  8 — Graphic  relation  between  the  wind  force  along  the  wire  (tangential- 7^()  and 
the  angle  (a)  of  wind  direction  from  normal — 0.165-inch  diameter  wire. 

tested  comprised  such  a  major  portion  of  the  total  resistance  when  the 
angle  a  approached  90°  or  the  wind  and  wires  were  about  parallel 
that  the  data  for  these  cases  were  not  considered  reliable.  In  plotting 
the  curves  in  Figs.  7  (0.104-inch  wire)  and  8  (0.165-inch  wire)  the 
tangential  force  for  90°  was  estimated  and  to  indicate  this  the  curves 
are  dotted  between  the  angles  a.  of  80°  and  90°. 
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Fig.  9— Graphic  relation  between  the  angle  (5)  of  direction  of  resultant  force  from 
normal  to  the  wire  and  the  angle  (a)  of  wind  direction  from  normal — 0.104-inch 
diameter  wire. 
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The  angle  (5)  between  the  resultant  and  normal  wind  forces  was 
determined  through  the  use  of  equation  (4).  The  variations  in  this 
angle  with  the  obliquity  of  the  wind  or  the  angle  a  are  given  for  both 
sizes  of  wire  in  Figs.  9  (0.104-inch  wire)  and  10  (0.165-inch  wire).  From 
these  graphs  the  following  relations  appear  to  exist  in  this  range : 

(a)  For  a  given  angle  a  the  magnitude  of  the  angle  5  is  inversely 
proportional  to  the  product  of  velocity  and  wire  diameter  {VD), 


S  = 
This  relation  can  be  written 

5  = 


{vh).._ 


a=constant 


where  VD/v  is  the  familiar  Reynolds  number. 

(6)  For  each  size  of  wire  and  a  given  actual  wind  velocity  the  angle  8 
increases  with  the  angle  a.  Hence,  5  =  f(a,  V,  D)v,  D=constant-  Since 
the  Reynolds  number  can  also  be  considered  constant 

5    =    ip{a,    VD/v)v,  D,  i'=constant- 

Conclusion 

These  tests  indicate  that  the  normal  force  on  a  wire  due  to  an  oblique 
wind  is  proportional  to  the  square  of  the  resolved  component  of  the 
actual  wind  velocity  for  angles  up  to  60°  from  the  normal  to  the  wire. 
The  expression  for  the  normal  force  per  unit  length  of  wire  is 
Fn  =  K{V cos  aYD,  where  V  is  the  actual  wind  velocity  and  D  is  the 
wire  diameter.  The  tangential  component  is  relatively  small  as 
compared  to  the  normal  component. 


Corrosion    of    Metals — II.     Lead    and    Lead-Alloy    Cable 

Sheathing 

By  R.  M.  BURNS 

This  paper  discusses  the  corrosion  of  cable  sheathing  in  the  aerial  and 
underground  cable  plants.  Corrosion  does  not  appear  to  be  a  primary  fac- 
tor affecting  the  life  of  aerial  cables;  failure  of  these  cables  occurs  usually 
from  intergranular  embrittlement  and  is  minimized  by  the  use  of  alloy 
sheathing.  It  is  shown  that  corrosion  of  cable  sheathing  in  conduit  occurs 
by  means  of  the  operation  of  small  corrosion  cells  on  the  surface  of  the 
sheath  or  by  the  leakage  of  current  from  the  sheath  to  ground.  The  driving 
force  of  these  corrosion  cells  arises  from  some  chemical  inhomogeneity  in 
either  the  metal  or  the  surrounding  environment.  The  course  and  the 
character  of  corrosion  is  determined  chiefly  by  the  influence  of  the  constit- 
uents of  the  environment  on  the  operation  of  these  ceils.  These  constit- 
uents may  be  classed  as  corroding  or  protective; — the  corroding  including 
oxygen,  nitrates,  alkalies  and  organic  acids,  while  the  protective  are  silicates, 
sulfates,  carbonates,  soil  colloids  and  certain  organic  compounds.  Cable 
sheathing  buried  directly  in  soils  is  seriously  corroded  by  differential  aera- 
tion-cell action  resulting  from  physical  contact  of  relatively  large  soil 
particles  and  metal.  In  general  it  is  concluded  that  corrosion  of  cable 
sheathing  is  influenced  more  by  the  nature  of  the  environment  than  by  the 
chemical  composition  of  the  metallic  material.  The  incidence  of  corrosion 
of  cable  sheathing  is  small  owing  to  the  maintenance  of  non-corrosive  chem- 
ical and  electrical  environments  in  the  cable  plant. 

THE  intricate  cable  network  of  the  telephone  system  offers  numer- 
ous opportunities  for  the  occurrence  of  corrosion.  The  property 
damage  resulting  from  perforation  of  the  sheathing  by  corrosion  and 
the  attending  costly  interruption  of  service  have  served  to  make  the 
prevention  of  cable  failure  a  matter  of  primary  concern.  The  rela- 
tively low  incidence  of  actual  corrosion  failures  can  be  attributed 
largely  to  the  vigilance  of  the  electrolysis  engineers  and  the  plant 
forces. 

Cable  sheathing  is  one  of  the  largest  single  uses  of  metallic  lead. 
In  1929  it  exceeded  even  that  employed  in  the  manufacture  of  storage 
batteries  and  constituted  about  27  per  cent  of  the  entire  consumption 
in  this  country.  In  the  past  fifteen  years  over  two  million  tons  of 
lead  have  gone  into  the  communications  and  power  cable  plants. 
In  the  Bell  System  alone  there  are  about  180,000  miles  of  lead  alloy 
covered  cables,  about  forty  per  cent  of  which  are  underground. 
About  95  per  cent  of  the  total  mileage  of  telephone  wires  is  in  cable, 
the  proportion  of  open  wire  construction  decreasing  each  year. 

The  earliest  telephone  cables  were  of  the  type  employed  in  telegraph 
practice,  the  individual  wires  being  insulated  with  rubber  or  gutta 
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percha  and  the  core  covered  with  a  rubber  or  textile  sheathin^^  The 
first  lead-covered  telephone  cables  were  made  by  David  Brooks,  Jr., 
and  were  installed  in  the  year  1880.  These  consisted  of  cotton- 
covered  wires  drawn  into  a  lead  pipe — a  moisture-proofing  compound 
of  rosin  and  paraffin  being  forced  afterward  into  the  pipe  and  allowed 
to  solidify  by  cooling.  The  Western  Electric  Company  began  the 
manufacture  of  lead-covered  telephone  cables  in  1881.  These  were  of 
the  so-called  "Patterson"  type  and  employed  cotton-covered  wires 
drawn  into  a  lead  pipe  after  which  melted  paraffin  charged  with 
carbon  dioxide  under  high  pressure,  was  forced  into  the  pipe  and 
allowed  to  cool,  forming  thereby  a  solid  cake  of  paraffin  between  the 
core  and  the  pipe.  Cotton-wrapped  wire  alone  took  the  place  of  this 
structure  in  1884  and  some  four  years  later  paper  began  to  be  substi- 
tuted for  cotton.  Beginning  in  1882  telephone  cables  were  sheathed 
with  an  alloy  of  97  per  cent  lead  and  3  per  cent  tin,  which  continued  to 
be  the  standard  composition  for  cable  sheathing  in  the  Bell  System 
until  1912.  The  general  adoption  of  the  present  standard  alloy  of 
lead  with  1  per  cent  antimony  in  that  year  has  afforded  substantial 
economies  and  a  sheathing  of  high  resistance  to  fatigue  cracking. 
Recently,  a  new  development,  lead  hardened  with  0.03-0.04  per  cent 
calcium,  has  shown  in  laboratory  tests  some  promise  as  a  cable  sheath- 
ing material.  In  England  ternary  alloys  of  lead  with  cadmium  and 
tin  or  with  cadmium  and  antimony  have  been  proposed.  Unalloyed 
commercial  lead  is  the  covering  generally  used  for  power  cables. 

The  lead  which  best  lends  itself  to  the  manufacture  of  lead-antimony 
cable  sheathing  is  a  high-copper,  low-bismuth  chemical  grade  of  lead 
of  the  following  nominal  composition: 

Silver                    0.002  to  0.02% 

Copper 0.04    to  0.08% 

Bismuth 0.005%  (max.) 

Arsenic,  antimony  and  tin  together 0.002       (max.) 

Zinc 0.001       (max.) 

Iron                                 0.0015    (max.) 

Lead  (by  diflF.) 99.90 

There  is  no  evidence  that  the  copper  content  of  this  lead  has  any 
significant  effect  upon  corrodibility  when  used  in  1  per  cent  antimony 
sheathing,  although  it  does  appear  to  be  a  factor  in  certain  other  uses. 
Indeed,  chemical  composition  appears  to  be  of  lesser  importance  than 
environmental  influences  in  the  corrosion  of  cable  sheathing.  The 
prevention  of  corrosion  failures  is  mainly  a  matter  of  providing  and 
maintaining  non-corrosive  chemical  and  electrical  environments. 

While  the  choice  of  lead  as  a  cable  sheathing  material  was  dictated 
primarily  by  physical  requirements,  notably  its  adaptability  to  extru- 
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sioii,  corrosion  resistance  has  been  a  large  factor  undoubtedly  in  its 
successful  use.  It  has  long  been  recognized  that  lead  is  one  of  the  least 
corrodible  of  metals.  Its  dull  unreactive  character  is  synonymous 
with  inertness.  Widely  used  in  ancient  times  for  water  pipes,  roofings, 
caskets,  linings  for  public  baths,  etc.,  many  specimens  have  come  down 
to  us  in  nearly  perfect  states  of  preservation.  The  Romans,  for 
example,  employed  lead  water  pipes  in  fifteen  standard  sizes  usually 
ten  feet  in  length  ^  and  some  of  these  pipes  are  said  to  be  in  use  today. 
In  the  form  of  roofings  many  examples  exist  which  are  five  centuries 
old.  It  seems  likely  that  corrosion  has  been  less  destructive  than 
war  to  the  original  lead  roofs  of  medieval  cathedrals  and  buildings. 
Once  a  protective  film  has  formed  on  lead  the  metal  may  be  preserved 
indefinitely  if  not  physically  disturbed.  In  the  air  this  film  is  usually 
an  oxide  while  in  the  case  of  underground  burial  the  film  which  forms 
on  lead  may  be  a  silicate  or  in  some  cases  merely  a  film  of  hydrogen 
shielded  by  the  presence  of  soil  colloids.  In  other  instances  sulfates 
and  carbonates  exert  a  retarding  influence.  Whether  or  not  a  pro- 
tective film  forms  depends  largely  upon  the  character  of  the  environ- 
ment to  which  the  metal  is  exposed.  Under  unfavorable  conditions, 
such  as  exposure  to  acetic  acid  vapors,  strong  alkalies  or  contact  with 
large  soil  particles,  lead  may  be  readily  corroded.  Purity  of  the  metal 
plays  a  minor  role  in  corrodibility  in  the  atmosphere  although  it  may 
aff'ect  its  behavior  in  soil  waters  and  other  electrolytes. 

The  widely  different  conditions  of  exposure  which  prevail  in  the 
aerial  and  underground  cable  plants  make  it  desirable  to  consider 
them  separately.  Corrosion  caused  by  stray  electrical  currents, 
since  it  occurs  mainly  in  the  underground  plant,  will  be  discussed  under 
that  heading. 

Corrosion  of  Aerial  Cables 

Corrosion  is  not  a  primary  factor  in  the  life  of  aerial  cables.  Failure 
of  these  cables  is  usually  due  to  cracking  and  confined  to  sections 
which  are  subjected  to  repeated  stresses  or  in  some  cases  to  prolonged 
mechanical  vibration.^  It  is  now  recognized  that  the  nature  of  the 
environment  affects  the  endurance  of  metals  to  such  stressing  and 
vibration,  and  the  term  "corrosion-fatigue"  has  been  applied  to  the 
embrittlement  and  cracking  which  result  from  the  simultaneous  ap- 
plication of  tensile  and  compressive  stresses  and  corrosive  media. 

The  resistance  of  lead  to  corrosion-fatigue  is  lowered,  for  example,  by 
exposure  to  the  atmosphere.^  Evidently  the  protective  oxide  coating 
which  forms  on  lead  in  the  air  *  is  not  only  ineffective  in  preventing 
intercrystalline  fracture  under  repeated  stressing,  but  actually  con- 
stitutes an  accelerating  factor.     The  specific  volume  of  lead  oxide  is 
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greater  than  that  of  the  metal  from  which  it  is  derived  ^  and  it  has 
been  suggested  that  the  presence  of  the  oxide  provides  some  sort  of 
leverage  which  aids  embrittlement.®  It  is  possible  that  dififerential 
aeration  cell  action  may  be  involved  for  it  is  conceivable  that  the 
surface  oxide  film  in  the  region  of  the  grain  boundaries  is  the  most 
susceptible  to  rupture,  producing  thereby  areas  which  are  anodic  to 
the  adjacent  unfractured  surfaces. 

Intercrystalline  corrosion  of  lead  may  be  produced  in  the  laboratory 
merely  by  immersion  of  the  specimen  in  a  solution  of  nitric  acid  and 
lead  acetate.^  The  attack  in  this  case,  as  also  in  the  case  of  the 
simultaneous  action  of  tensile  stress  and  corrosion,  occurs  along  the 
grain  boundaries  leaving  individual  grains  of  lead  which  retain  the 
characteristics  of  the  original  metal.*  While  intergranular  corrosion 
of  this  type  can  be  produced  in  lead  of  high  purity,  the  rate  of  attack 
in  a  given  medium  is  usually  a  function  of  the  purity  of  the  metal. 

Exclusion  of  the  atmosphere  or  the  use  of  coatings  of  certain  oils 
or  grease  have  been  shown  to  retard  the  rate  at  which  lead  is  embrittled 
by  corrosion-fatigue.^  More  practical  means  of  minimizing  the  inter- 
granular failure  of  cable  sheathing  lies  in  modification  of  the  com- 
position of  the  sheathing. 

Alloying  with  3  per  cent  tin,  or  1  per  cent  antimony  materially  in- 
creases the  resistance  of  lead  to  intercrystalline  embrittlement.'" 
The  antimony  alloy  has  a  considerably  greater  fatigue  resistance  than 
pure  lead  as  measured  in  a  certain  type  of  laboratory  fatigue  test  '^ 
but  decreases  in  time,  or  when  the  alloy  is  cold  worked,  owing  to  an 
agglomeration  of  the  dispersed  antimony  particles  which  occurs  par- 
ticularly in  the  region  near  the  grain  boundaries.  ^^  Lead  alloyed  with 
0.04  per  cent  calcium  and  suitably  age-hardened  has  been  shown  in 
laboratory  tests  to  have  a  much  higher  resistance  to  fatigue  failure 
than  the  1  per  cent  antimony  alloy. ^^  Certain  ternary  alloys  of  lead 
containing  cadmium  are  said  to  possess  marked  resistance  to  fatigue 
failure.^*  More  recently  lead  containing  0.1  per  cent  tellurium  has 
been  shown  to  be  about  3-fold  more  resistant  than  ordinary  lead  to 
mechanical  vibration. ^^  It  should  be  emphasized  that  all  of  these 
comparisons  of  fatigue  resistance  were  made  in  laboratory  tests  and 
are  not  based  on  field  experience. 

From  the  foregoing  it  will  be  seen  that  for  the  most  part  the  aerial 
cable  plant  does  not  present  a  serious  corrosion  problem.  The  im- 
portance of  the  unavoidable  environmental  influences  on  sheath 
embrittlement  is  minimized  by  the  use  of  lead  alloy  sheathing  to- 
gether with  proper  methods  of  cable  suspension.  Other  types  of  lead 
corrosion  are  rare  in  aerial  cables. 
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Corrosion  of  Lead  Directly  Buried  in  Soils 

It  is  not  the  practice  of  the  Bell  System  to  bury  lead-covered  cables 
directly  in  the  soil  without  the  use  of  a  protective  coatinpj.  Recogni- 
tion of  the  corrosion  hazard  involved  in  such  construction  is  one  of 
the  considerations  which  led  to  the  use  of  conduit  for  the  housing  of 
even  the  first  cables  which  w^ere  placed  underground.  The  more 
recent  actual  experience  of  certain  small  users  with  soil  corrosion  has 
served  to  confirm  the  soundness  of  this  practice.  The  idea  that  cable 
sheathing  might  be  buried  safely  in  direct  contact  wdth  soils  was  sug- 
gested by  the  fact  that  lead  had  been  widely  used  as  water  pipes.^^ 
Many  miles  of  telephone  cables  accordingly  were  laid  directly  in  the 
earth,  notably  in  Indiana,  and  frequently  with  unfortunate  results. 

In  certain  sections  where  it  is  considered  economical  to  bury  cables 
in  the  ground,  a  coating  has  been  devised  for  the  protection  of  the 
sheathing  against  corrosion.  This  consists  in  wrapping  the  lead-alloy 
sheathed  cable  with  asphalt-impregnated  paper  followed  by  one  or 
more  layers  of  jute  impregnated  with  a  preservative  compound,  and 
in  some  cases  steel  tape  armoring  over  which  there  is  wrapped  a  final 
layer  of  jute.  The  structure  is  flooded  with  asphalt  before  and  after 
each  serving  of  paper  and  each  layer  of  jute.  The  steel  tape  is  em- 
ployed where  there  exists  any  danger  of  induction  from  power  lines; 
it  may  be  omitted  in  locations  where  there  is  little  likelihood  of  trouble 
from  this  source. 

Before  discussing  the  corrosion  of  cables  in  conduit,  which  is  the 
principal  concern  of  the  present  paper,  it  will  be  of  interest  to  review 
the  results  of  corrosion  studies  which  have  been  made  on  lead  and  lead- 
alloy  sheathing  materials  buried  directly  in  soils.  In  addition  to  the 
presence  of  soluble  salts,  the  underground  environment  in  this  case 
involves  direct  contact  of  the  metal  with  relatively  large  soil  particles 
and  aggregates — a  markedly  heterogeneous  condition.  These  points 
of  contact  of  soil  particles  and  metal  become  areas  of  reduced  oxygen 
concentration  as  compared  with  surrounding  regions  of  the  metal 
surface  which  are  more  freely  accessible  to  the  soil  atmosphere.  The 
resulting  oxygen  concentration  cells  with  a  driving  force  of  approxi- 
mately 100  millivolts  provide  one  of  the  most  important  means  by 
which  metals  corrode  in  soils.  The  use  of  conduit  affords  an  effective 
barrier  against  soil  action  of  this  character.  Silt  deposits  which  some- 
times occur  on  cables  in  conduit  do  not  give  rise  to  differential  aeration 
action  probably  because  under  such  circumstances  cathodic  polariza- 
tion of  the  corrosion  cells  is  maintained. ^^  This  inhibitive  function  of 
soil  colloids  has  been  observed  recently  in  connection  with  a  study  of 
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the  corrosion-fatigue  of  drill  pipe  ^*  and  appears  to  be  an  important 
factor  in  the  retardation  of  corrosion  in  certain  soils. 

The  most  extensive  soil  corrosion  test  is  that  which  has  been  carried 
on  under  the  auspices  of  the  National  Bureau  of  Standards. ^^  In  this 
test,  specimens  of  both  ferrous  and  non-ferrous  metals  were  buried  in 
48  different  soils  in  various  parts  of  the  country.  Commercial  lead  and 
lead  containing  1  per  cent  antimony  were  placed  in  these  locations  and 
specimens  of  these  have  been  removed  from  time  to  time.  These 
studies  have  shown  that  lead  and  the  lead-antimony  alloy  are  corroded 
by  most  soils,  but  at  lower  rates  than  are  ferrous  metals  '^ — losses  in 
weight  averaging  but  10  per  cent  and  depth  of  pitting  about  25  per 
cent  of  those  shown  by  the  iron  and  steel  specimens.  After  approxi- 
mately 10  years  exposure  in  18  soils  the  lead-antimony  alloy  was  found 
in  the  majority  of  cases  to  be  slightly  but  definitely  more  corroded  than 
was  commercial  lead. 

A  smaller  but  more  intensive  soil  corrosion  test  on  lead  and  certain 
lead-alloys  has  been  carried  on  by  the  Bell  Telephone  Laboratories  in 
five  typical  soils  in  the  general  vicinities  of  Lafayette  and  Monon, 
Indiana.  Three  grades  of  lead  *  and  alloys  of  these  leads  with  an- 
timony in  amounts  from  0.8  per  cent  to  2.5  per  cent  and  with  3  per  cent 
tin  were  chosen  for  this  test.  The  specimens  consisted  of  fiat  plates 
one  square  decimeter  in  area  prepared  from  metal  which  had  been 
extruded  in  the  form  of  tape.  Before  burial  these  plates  were  de- 
greased  with  carbon  tetrachloride  and  scoured  with  fine  sea  sand. 
Five  specimens  of  each  material  were  buried  at  each  location  in  a 
horizontal  position  at  a  depth  of  two  feet.  After  a  period  of  four 
years  the  specimens  were  removed  from  the  soil,  and  after  removal 
of  the  corrosion  products,  the  losses  of  weight  and  the  maximum  depth 
of  pitting  determined. 

The  values  for  loss  of  weight  are  represented  graphically  in  Fig.  1, 
in  which  all  of  the  metallic  materials  are  compared  in  each  of  the  soils. 
The  arithmetical  averages  are  shown  in  all  cases  by  means  of  broken 
lines.  The  maximum  depth  of  pitting  results  showed  a  close  corre- 
spondence to  the  losses  of  weight.  For  example,  it  was  least  in  the 
Plainfield  fine  sand  and  the  Fox  silt  loam  and  greatest  in  the  Miami 
silt  loam.  The  only  specimens  perforated  by  pitting  were  the  lead-tin 
alloy  and  these  only  in  the  last  mentioned  soil. 

*  The  grades  of  lead  employed  in  this  test  and  in  the  sulfation  tests  described  later 
in  this  paper  are  designated  as:  Corroding  or  A.S.T.M.  Grade  I,  99.94  per  cent 
lead;  Chemical  or  A.S.T.M.  Grade  II,  99.90  per  cent  lead;  and  Common  or  A.S.T.M. 
Grade  III,  99.85  lead.  The  principal  impurity  in  chemical  lead  is  copper,  and  in 
common  lead,  bismuth.  The  term  "corroding"  applied  to  the  high  purity  product 
arose  in  connection  with  its  use  in  the  manufacture  of  white  lead;  it  does  not  imply 
greater  corrodibility. 
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It  will  be  seen  that  of  the  two  variables,  soil  character  and  alloy 
composition,  the  former  is  decidedly  the  more  important  in  its  effect 
upon  rate  of  corrosion.  From  an  inspection  of  the  data  it  would 
appear  that  there  is  no  definite  trend  of  corrodibility  which  may  be 
correlated  with  composition.  From  a  statistical  analysis  of  the  data 
obtained  in  this  test  it  was  concluded  that  variations  in  alloy  compo- 
sition within  the  scope  of  the  test  had  no  significant  effect  upon  the 
corrosion  behavior  of  the  materials.  In  other  words,  the  variations 
observed  may  be  ascribed  to  chance  and  there  is  no  indication  of  a 
significant  difference  in  the  rates  of  corrosion  of  lead  and  lead-antimony 
alloys  when  buried  directly  in  the  earth. 

Corrosion  of  Cables  in  Conduit 

The  conduit  mainly  employed  in  the  underground  cable  plant  of 
the  Bell  System  is  a  good  grade  of  vitrified  clay  with  glazed  surfaces. 
Creosoted  wood  is  widely  used,  particularly  for  single  subsidiary  cables. 
Wood  has  been  employed  extensively  for  main  cables  on  the  Pacific 
Coast  where  it  offered  an  economical  advantage.  Steel  or  iron  pipes 
find  a  limited  application  for  certain  special  cases  such  as  dips  and 
relatively  sharp  bends.  Heavy  paper  or  fibre  generally  embedded  in 
concrete  has  been  used  in  a  few  instances.  Concrete  conduit  has  been 
employed  by  the  utilities  for  power  cables  and  in  the  telephone  field  to 
some  extent  abroad  -^  but  the  danger  of  corrosion  has  militated  against 
its  adoption  by  the  Bell  System.  It  is  possible  that  the  greater  heat 
dissipation  of  power  cables  as  compared  with  telephone  cables  renders 
concrete  conduit  less  hazardous  for  power  cable  use. 

The  environment  to  which  underground  cables  in  conduit  are  ex- 
posed is  complex  and  varied.  It  is  impossible  to  exclude  moisture  and 
soil  air  or  vapors  from  the  conduit.  Surface  waters  may  enter  the 
cable  compartments  by  way  of  the  manholes  and  soil  waters  may  seep 
through  at  duct  joints  or  at  small  fissures  which  sometimes  develop. 
The  soil  atmosphere  tends  toward  higher  concentrations  of  carbon 
dioxide  and  lower  oxygen  than  the  outside  air;  it  is  often  high  in 
humidity  resulting  in  the  condensation  of  drops  of  moisture  on  the 
sheathing.  Acetic  acid  vapors  arising  from  wood  conduit  or  other 
sources  may  contaminate  the  duct  air.  Muddy  soil  waters  may 
deposit  a  layer  of  silt  on  the  sheathing.  These  waters  contain  varying 
amounts  of  salts,  acids  or  alkalies.  Free  lime  leached  from  concrete 
structures  or  caustic  alkali  produced,  as  indicated  in  the  following 
paragraph,  by  the  electrolysis  of  sodium  chloride  are  the  principal 
alkaline  constituents.  Even  leakage  from  sewers  is  sometimes  a  con- 
taminating influence  which  induces  corrosion. 
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In  addition  to  chemical  influences,  the  electrical  condition  of  the 
cable  with  respect  to  earth  or  to  other  adjacent  metallic  structures  has 
an  important  bearing  on  corrosion.  Where  it  can  be  done  without 
jeopardy  to  other  structures,  it  is  desirable  to  maintain  the  cable  net- 
work very  slightly  (of  the  order  of  0.2  volt)  negative  or  cathodic  to 
earth.  There  is  evidence  that  under  this  condition  the  sheathing  is 
less  readily  corroded  by  couple  action  of  a  miscellaneous  character. 
At  appreciably  higher  negative  potentials  alkali  or  lime  salts  may  be 
electrolyzed  producing  thereby  caustic  alkali  or  free  lime  which  are 
corrosive  to  sheathing.  On  the  other  hand,  an  electrically  positive 
condition  of  the  cable  may  be  conducive  to  the  ordinary  "stray-cur- 
rent" or  anodic  corrosion. 

The  Origin  and  Nature  of  Corrosion  Cells  on  Cable  Sheathing 
The  mechanism  by  which  cable  sheathing  corrodes  in  conduit  in- 
volves the  replacement  by  the  metal  of  hydrogen  or  another  metal  in 
compounds  present  in  the  surrounding  environment — a  process  which 
has  been  described  in  some  detail  in  a  previous  paper.^^  Most  com- 
monly, the  dissolving  lead  replaces  hydrogen  from  water.  The  areas 
or  points  on  the  sheathing  at  which  lead  dissolves  are  the  anodes  of 
small  corrosion  cells,  the  cathodes  of  which  are  the  regions  at  which 
hydrogen  is  deposited.  The  driving  force  of  these  cells  arises  either 
from  some  chemical  or  physical  inhomogeneity  of  the  metal,  or  some 
inhomogeneity  of  the  environment.  Their  electrolytic  operation  is 
influenced  by  the  conductance  and  chemical  nature  of  the  environment, 
and  by  the  size  and  distribution  of  the  anodic  and  cathodic  areas. 

Corrosion  cells  owing  their  origin  to  sheath  composition  are  exem- 
plified by  the  presence  of  two  metallic  phases,  one  of  which  is  lead  and 
the  other  either  an  impurity,  such  as  copper,  bismuth,  nickel,  zinc, 
etc.,  or  a  hardening  agent  such  as  tin,  calcium,  cadmium,  or  antimony. 
Copper  and  antimony,  for  example,  are  cathodic  to  lead  under  the 
prevailing  conditions  and  facilitate  the  discharge  of  hydrogen.  The 
small  proportion  of  cathodic  area  on  the  metal  surface  in  both  cases, 
however,  will  result  in  high  cathodic  current  densities  inducing 
polarization,  and  a  low  rate  of  corrosion  except  perhaps  in  acid  solu- 
tions where  the  potential  of  the  lead-hydrogen  cell  will  be  increased. 
This  acceleration  in  acid  solution  is  borne  out  by  laboratory  corrosion 
tests  which  show  that  the  rate  of  corrosion  of  lead  containing  3  per  cent 
tin  is  about  50  per  cent  greater  and  lead  containing  1  per  cent  antimony 
is  about  10  per  cent  greater  than  that  of  soft  lead  in  dilute  (0.001 
molar)  acetic  acid.  Antimonial  lead  is  said  to  corrode  more  rapidly 
than  pure  lead  in  humic  acids.^^ 
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Relatively  larger  areas  of  copper  deposited  upon  the  cable  by  re- 
placement from  copper  salts  have  been  observed  to  promote  corrosion 
of  the  sheathing.  Scraps  of  copper  wire  corroded  in  manholes  by 
saline  waters  are  believed  to  have  been  the  source  of  the  copper  com- 
pounds in  such  cases. 

Wiping  solder  in  contact  with  sheathing  at  the  splicing  sleeve  pro- 
vides still  another  example  of  a  corrosion  cell  originating  from  the 
contact  of  diverse  metals.  Laboratory  measurements  of  the  potential 
of  this  couple  in  dilute  chloride,  alkali  and  acid  solutions  show  solder  is 
usually  the  anodic  or  corroding  electrode.  The  observed  potential 
differences  in  hundredth  molar  solutions  at  room  temperature  were  as 
follows: 

Potential  Difference 
Solution  in  Millivolts 

Potassium  chloride 6±3 

Caustic  soda 11±3 

Acetic  acid 20  ±  8 

Similarly,  the  3  per  cent  tin-lead  sheathing  in  contact  with  1  per  cent 
antimony  sheath  would  give  rise  to  a  galvanic  couple  in  which  the 
former  would  be  anodic  but  by  smaller  values  of  potential  than  given 
above  for  the  solder-sheath  couple.  Ordinarily  in  the  soil  water 
environments  which  prevail  in  the  underground  plant  the  potentials  of 
neither  of  these  couples  is  sufficient  to  maintain  current  flow  and  there 
is  no  evidence  of  attack.  The  few  cases  of  corrosion  of  this  type  which 
have  been  observed,  and  which  have  been  characterized  by  pitting  of 
the  solder  and  even  of  the  sleeving  (where  this  was  3  per  cent  tin)  are 
believed  to  have  arisen  in  electrolytes  somewhat  alkaline  in  nature 
which  contained  abnormally  low  concentrations  of  film-forming  con- 
stituents such  as  silicates,  sulfates  or  organic  colloids. 

In  general,  the  influence  of  metallic  composition  upon  corrodibility 
may  be  readily  detected  by  measuring  the  rate  of  sulfation  of  the 
metallic  material  in  sulfuric  acid.^*  This  test  provides  a  method  of 
measuring  surface  activity  and  affords  a  means  of  comparing  the 
relative  rates  at  which  similar  alloys  tend  to  corrode  in  corrosive 
environments  or  tend  to  become  passive  in  the  presence  of  film-forming 
constituents.  The  sulfation-times  measured  by  means  of  a  recording 
potentiometer  have  been  determined  on  specimens  of  leads  of  various 
compositions  and  for  several  cable  sheath  alloys  in  7-normal  sulfuric 
acid.  The  averages  of  four  determinations  made  on  each  material 
bore  the  following  relationship  to  each  other,  assuming  the  sulfation 
time  of  spectroscopically  pure  lead  to  be  one  hundred: 
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Spectroscopically  pure  lead  (99.999%  lead) 100 

Corroding  lead  (A.S.T.M.— Grade  I,  99.94%  lead) 80 

Chemical   lead    (A.S.T.M.— Grade   II,    99.90%  lead,  contains  0.06% 

copper) 65 

Common  lead  (A.S.T.M.— Grade  III,  99.85%  lead,  contains  0.13% 

bismuth) 70 

Corroding  lead  alloyed  with  1.5%  tin,  and  0.25%  cadmium 85 

Chemical  lead  alloyed  with  1.5%  tin  and  0.25%  cadmium 75 

Corroding  lead  alloyed  with  3%  tin 70 

Chemical  lead  alloyed  with  0.04%  calcium 80 

Corroding  lead  alloyed  with  0.04%  calcium 75 

Common  lead  alloyed  with  0.04%  calcium 55 

Corroding  lead  alloyed  with  0.5%  antimony  and  0.25%  cadmium  ....  25 

Chemical  lead  alloyed  with  0.5%  antimony  and  0.25%  cadmium 25 

Chemical  lead  alloyed  with  1.0%  antimony 20 

From  an  inspection  of  these  results  it  appears  that  the  surface  re- 
activity of  lead  is  markedly  increased  by  the  presence  of  impurities  or 
by  alloying  with  small  amounts  of  other  metals.  Of  the  hardening 
agents  chosen  for  study,  tin,  tin  and  cadmium,  and  calcium  exert  the 
smallest  influence  on  rate  of  sulfation,  while  antimony,  whether  used 
alone  or  with  cadmium,  has  the  most  pronounced  effect.  The  presence 
of  small  amounts  of  copper  appears  to  have  an  accelerating  effect 
upon  reactivity  as  does  also  the  presence  of  bismuth.  This  adverse 
effect  of  bismuth  has  been  noted  in  connection  with  the  use  of  lead  in 
sulfuric  acid  plants.^^  Since  the  environment  in  which  cables  are 
used  contains  both  corrosive  and  film-forming  substances  this  com- 
parison of  rates  of  sulfation  of  lead  and  its  alloys  is  not  necessarily  a 
direct  indication  of  the  relative  rates  of  corrosion  of  these  materials 
when  used  as  cable  sheathing. 

It  is  well  known  that  the  intensity  with  which  metals  tend  to  ionize 
is  affected  by  their  physical  state,  small  crystals  and  strained  structures 
possessing  higher  intensities  and  therefore  more  electronegative  or 
anodic  potentials  than  large  crystals  and  annealed  structures.  In  the 
case,  however,  of  lead  and  most  lead-alloys  suitable  for  cable  sheathing, 
self-annealing  occurs  at  ordinary  atmospheric  temperatures,  and  for 
this  reason  it  is  highly  improbable  that  corrosion  is  ever  initiated  as  a 
result  of  physical  condition  of  the  metal. ^^  In  the  laboratory  it  was 
found  that  lead  intensively  worked  at  liquid  air  temperatures,  where 
self-annealing  does  not  occur,  was  from  2  to  3  millivolts  electronegative 
to  annealed  lead  when  measured  immediately  afterward  at  25°  C.  in 
0.2  normal  lead-acetate  solution.  This  potential  difference  was 
reproducible  but  could  not  be  maintained  for  more  than  ninety  minutes 
at  room  temperature. 

It  is  conceivable  that  scratching  or  mechanical  injury  of  cable 
sheathing,  such  as  might  occur  during  installations,  could  give  rise  to 
the  familiar  metal-metal  oxide  corrosion  cell.  The  operation  of  this 
cell  has  been  demonstrated  in  a  laboratory  experiment  in  which  pieces 
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of  lead  covered  with  litharge  were  freshly  scratched  after  being  sub- 
merged in  water."  It  is  of  significance  that  although  corrosion 
readily  occurred  in  this  experiment,  there  was  no  attack  if  the  scratch 
were  exposed  to  the  atmosphere  for  two  hours  before  submersion  of 
the  specimen.  In  other  words,  the  oxide  film  on  lead  is  readily  self- 
healing  and  injury  to  it  is  unlikely  to  cause  corrosion. 

Turning  to  a  consideration  of  corrosion  cells  originating  from  the 
exposure  of  the  sheathing  to  an  inhomogeneous  environment,  reference 
has  already  been  made  in  discussing  soil  corrosion  to  the  nature  and 
the  importance  of  oxygen  concentration  cells,  and  to  the  protection 
which  the  conduit  affords  against  this  hazard.  Cables  in  conduit 
are  seldom  subject  to  contact  with  the  character  of  inert  objects  which 
lead  to  the  establishment  of  oxygen  concentration  cells.  Relatively 
large  hard  particles  are  generally  the  most  effective  agents  in  producing 
differential  aeration.  In  the  laboratory,  lead  can  be  pitted  by  contact 
with  a  glass  rod  when  submerged  in  a  dilute  sodium  chloride  solution. 
There  are  a  few  instances  in  which  cables  in  conduit  appear  to  have 
corroded  by  means  of  oxygen  concentration  cells.  For  example,  there 
is  evidence  that  deep  pits  in  sheathing  produced  by  the  leakage  of 
stray  currents  to  earth  have  continued  to  deepen  to  the  point  of 
perforation  of  the  sheathing,  after  removal  of  positive  potential  con- 
ditions. The  bottoms  of  such  pits  are  less  accessible  to  oxygen  and 
appear  in  some  cases  to  function  as  the  anodic  elements  in  differential 
aeration  cells.  Cases  of  this  kind  are  generally  diagnosed  by  the  field 
forces  as  "old  action." 

Another,  but  rather  uncommon,  example  of  oxygen  concentration 
cell  has  been  observed  in  the  use  of  a  porous  duct  plugging  material 
contaminated  with  acetic  acid.  In  this  case  it  seems  likely  that  the 
naturally  protective  oxide  film  on  the  sheathing  was  destroyed  by 
the  acid  following  which  this  region,  owing  to  the  exclusion  or  partial 
exclusion  of  oxygen,  became  anodic  to  the  adjacent  areas  which  were 
freely  accessible  to  air.  Contamination  with  acetic  acid  does  not 
appear  to  be  essential  to  this  action  since  other  cases  have  been  re- 
ported in  which  the  duct  plugging  material  was  free  from  acid. 

Finally  there  exists  the  possibility  of  large  scale  differential  aeration 
cells  where  one  cable  of  a  multiple  run  is  placed,  owing  to  space  limita- 
tions, in  a  dip  under  a  large  sewer,  but  bonded  to  the  other  cables. 
Such  a  cable  may  suffer  severe  corrosion  in  the  region  of  the  dip  as  a 
result  of  the  lower  oxygen  content  of  the  atmosphere  in  this  duct  as 
compared  to  that  prevailing  in  the  other  ducts. 

The  discussion  of  differential  environments  has  related  so  far  only 
to  oxygen  concentration.     In  a  similar  manner,  underground  cables 
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may  be  exposed  to  different  hydrogen  ion,  metal  ion  or  salt  concentra- 
tions and  where  the  demarcation  between  concentration  zones  is 
sufficiently  pronounced  may  give  rise  to  differential  concentration 
cells,  the  driving  forces  of  which  have  theoretical  values  of  29.5  milli- 
volts per  ten-fold  difference  in  ion  concentration.  An  examination  of 
the  Rhinelaijd  cable  which  connects  Berlin  and  Cologne  has  shown 
that  the  most  extensive  corrosion  occurred  at  points  where  there  was 
an  abrupt  change  in  the  character  of  the  soil  or  geological  structure.^* 
There  is  usually  sufficient  diffusion  and  circulation  of  underground 
waters  to  equalize  ionic  concentrations  and  prevent  the  development 
of  cells  of  this  type  assuming  serious  proportions. 

Effect  of  Environment  on  Operation  of  Corrosion  Cells 
The  nature  of  the  more  common  electrolytic  cells  by  means  of  which 
cable  sheathing  corrodes  has  been  discussed  at  some  length.  Con- 
sideration will  now  be  given  to  the  manner  in  which  various  environ- 
mental factors  influence  the  operation  of  these  cells.  In  general, 
these  factors  may  be  classified  either  as  corroding  or  film-forming 
agents,  although  their  influence  will  depend  quite  as  much  upon  their 
concentration  as  upon  their  specific  nature.  It  is  meaningless  to 
report  that  a  metal  corrodes  or  does  not  corrode  in  this  or  that  electro- 
lyte unless  full  experimental  details  are  given.  Only  with  a  complete 
knowledge  of  the  condition  of  a  metal  surface  and  of  the  nature  and 
concentrations  of  the  components  of  its  environment  can  the  resulting 
behavior  be  predicted.  For  example,  it  has  been  shown  that  it  is 
often  the  ratio  of  the  concentrations  of  film-forming  to  corroding  sub- 
stances which  determines  the  character  of  attack.^^  For  high  values 
of  this  ratio,  the  metal  will  be  protected;  for  low  values  it  will  be  uni- 
formly corroded,  but  for  intermediate  values  of  this  ratio,  the  surface 
will  be  only  partly  protected  with  the  result  that  corrosion  will  be 
localized  in  the  form  of  destructive  pitting.  With  these  limitations  in 
mind,  some  of  the  principal  constituents  of  the  environment  which 
affect  the  behavior  of  cable  sheathing  may  be  classified  as  follows: 

Corroding  Protective 

Oxygen  Silicates 

Nitrates  Sulfates 

Chlorides  Carbonates 

Alkalies  Colloidal  substances 

Organic  acids  Certain  organic  compounds 

Of  the  corroding  elements,  oxygen  is  the  most  important  in  its 
effect  upon  the  operation  of  corrosion  cells.  Owing  to  the  high  po- 
tential required  to  discharge  hydrogen  on  pure  lead  (i.e.,  its  high 
hydrogen  over-voltage)  these  cells  tend  to  cease  functioning  owing  to 
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cathode  polarization.  The  role  of  metallic  impurities  of  lower  over- 
voltage  in  discharging  hydrogen  has  already  been  considered.  Oxygen, 
it  is  obvious,  aids  corrosion  by  depolarizing  cathodic  areas  on  the 
surface  of  the  sheath.  That  the  effect  of  oxygen  is  proportional  to  its 
partial  pressure  in  the  atmosphere  has  been  found  in  a  laboratory 
study,  the  results  of  which  are  given  in  Fig.  2.  In  this  experiment  six 
specimens  of  extruded  chemical  lead,  each  of  an  area  of  one  square 
decimeter,  were  prepared  for  test  by  degreasing  with  carbon  tetra- 
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Fig.  2 — Effect  of  oxygen  on  corrosion  of  lead  submerged  in  distilled  water. 


chloride,  and  the  tarnish  film  removed  by  dipping  in  dilute  acetic  acid 
(one  part  of  acid  to  five  parts  of  water).  These  specimens  washed 
and  dried,  and  weighed  to  the  nearest  milligram,  were  submerged  in 
large  jars  of  distilled  water  which  had  been  previously  saturated  with 
purified  nitrogen,  oxygen  or  various  mixtures  of  the  two.  The  corre- 
sponding atmospheres  were  maintained  above  the  surface  to  the  water 
during  the  test.  After  a  period  of  18  hours  the  specimens  were  re- 
moved, washed  and  the  losses  of  weight  determined. 
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A  number  of  cases  of  cable  sheath  corrosion  ha\'e  been  attributed  to 
the  presence  of  nitrates  in  the  duct  electrolyte.  The  nitrate  content 
of  most  soil  waters  is  very  low — a  few  parts  per  million  ordinarily — but 
occasionally  contamination  from  industrial  plants  or  from  sewers, 
the  organic  matter  from  which  may  undergo  nitrification,  has  led  to  a 
several  fold  increase.  Concentrations  of  nitrate  from  20  to  425  parts 
per  million  have  been  found  in  the  electrolyte  from  locations  where 
failure  of  the  sheathing  occurred.  It  has  been  shown  that  solutions 
containing  a  thousand  parts  of  nitrates  per  million  are  markedly  cor- 
rosive to  lead.^°  Another  investigator  reports  that  the  addition  to 
natural  soft  waters  of  nitrates  in  excess  of  50  parts  per  million  increases 
their  corrosiveness  about  20  per  cent,  higher  quantities  of  nitrate  being 
required  to  produce  this  effect  in  hard  waters.'^  Often  the  corroded 
region  of  the  sheath  is  black  in  appearance  owing  to  the  presence  of 
loosely  adherent,  finely  divided  lead  (possibly  oxidized)  and  antimony 
which  accumulates  by  some  sort  of  undermining  action  during  the 
rapid  attack.  The  formation  of  this  black  coating  in  the  presence  of 
nitrates  is  reported  by  others. ^^ 

The  mechanism  of  nitrate  action  at  the  cathodes  of  corrosion  cells 
is  similar  to  that  of  oxygen  and  of  lower  concentrations  of  oxidants  in 
general,  and  consists  in  depolarization.  In  addition,  the  high  solubility 
of  lead  nitrate  prevents  an  appreciable  polarization  of  anodic  areas. 
It  is  of  interest  to  note  that  in  the  presence  of  nitrates,  in  the  form  of 
nitric  acid,  oxygen  furnishes  but  little  additional  acceleration  of 
corrosion.  For  example,  in  30  per  cent  nitric  acid,  the  ratio  of  the 
rate  of  corrosion  in  the  presence  of  oxygen  to  the  rate  in  the  absence  of 
oxygen  has  been  shown  to  be  1.1,  while  in  20  per  cent  hydrochloric  acid 
and  glacial  acetic  acid,  this  ratio  is  10.0  and  10.9,  respectively.^' 

Cable  sheathing  is  little  affected  by  the  chloride  content  of  most 
ground  waters.  In  tests,  for  example,  in  which  chlorides  were  added 
to  natural  waters,  there  was  no  increase  in  corrosion  when  the  chloride 
content  was  of  less  than  1000  parts  per  million,  a  value  seldom  attained 
in  soil  waters.'^  Even  infiltration  of  sea  water  does  not  constitute  a 
corrosion  hazard  unless  the  cable  is  markedly  negative  to  earth.  In- 
deed, in  sea  water  the  corrosion  of  lead  may  be  retarded  by  an  encrusta- 
tion of  lead  chloride  which  forms  on  the  surface  of  the  metal,  as  well 
as  by  the  lower  prevailing  oxygen  content.  Extruded  bars  of  lead  and 
lead  containing  1.6  per  cent  antimony,  60  cm.  in  length  and  2.87  cm. 
in  diameter  exposed  for  four  years  to  tidal  action  have  shown  losses  in 
weight  of  0.65  per  cent  and  0.51  per  cent,  respectively,'^  but  doubtless 
mechanical  erosion  was  an  important  factor  in  this  rather  drastic  test. 
Laboratory  tests  made  on  lead  foil  in  a  sodium  chloride  solution  show 
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that  the  rate  of  corrosion  increases  with  increasing  salt  concentration 
up  to  a  maximum  at  1  per  cent  and  that  at  concentrations  of  3  per  cent, 
which  corresponds  roughly  to  that  of  sea  water,  the  rate  is  markedly 
less.^*  The  favorable  experience  with  cables  submerged  in  sea  water 
or  mixtures  of  sea  water  and  soil  waters  indicates  that  corrosion 
inhibitive  agents  exert  under  these  exposures  a  predominating  in- 
fluence. The  effect  of  the  chloride  content  of  the  duct  electrolyte  must 
be  mainly  one  of  increasing  the  conductivity,  there  being  insufficient 
concentrations  in  relation  to  the  concentration  of  film-forming  sub- 
stances to  produce  even  pitting  or  local  attack. 

A  type  of  cable  sheath  corrosion  of  considerable  importance  is  that 
which  is  fostered  by  alkalies.  It  is  characterized  usually  by  the 
formation  in  the  region  of  attack  of  deep  red  crystals  of  lead  monoxide 
or  litharge.  Occasionally  the  yellow  form  of  litharge  or  a  greenish 
hydrated  lead  monoxide  may  appear,  but  in  one  case  where  the  strength 
of  caustic  was  so  great  as  to  cause  discomfort  upon  handling  the  cable, 
no  colored  compounds  developed.  The  red  monoxide  crystallizes  out 
of  saturated  solutions  of  alkali  plumbites  w^hich  are  formed  by  the 
solution  of  lead  in  alkalies.'^  It  can  be  produced  in  the  laboratory  by 
immersing  specimens  of  lead  in  saturated  lime  water  and  aerating  the 
solution  for  several  days  with  carbon  dioxide-free  air.  The  appearance 
of  this  red  oxide  on  cable  sheathing  is  a  certain  indicator  of  alkali 
attack.  If  detected  before  failure  of  the  cable,  the  action  can  be 
stopped  usually  by  removing  the  source  of  the  alkali  and  thoroughly 
flushing  the  cable  conduit  with  water. 

A  source  of  alkali  affecting  underground  cables  is  concrete  conduit 
and  occasionally  other  concrete  structures.  Free  lime  in  the  surface 
layers  of  fresh  concrete  is  usually  converted  by  the  action  of  carbon 
dioxide  into  calcium  carbonate  within  a  few  weeks  and  this  is  less 
alkaline  in  nature.  Seepage  of  moisture  through  concrete  which  may 
occur  in  less  dense  grades  of  this  product  may  leach  free  lime  from 
within.  At  the  Panama  Canal  water  seeping  through  the  concrete 
floors  and  walls  of  lock  chambers  caused  serious  corrosion  of  the 
sheathing  of  power  cables  in  a  short  time.  Analysis  of  the  seepage 
water  disclosed  high  alkalinity.  In  the  same  locality  a  telephone 
cable  in  vitrified  clay  conduit  was  corroded  by  the  seepage  of  water 
through  cement  sacks  used  for  wrapping  the  conduit  joints.'^  Greater 
attention  is  being  given  recently  to  the  production  of  concrete  conduit 
of  greater  impermeability,  lower  alkalinity  and  to  "curing"  methods. 
The  use  of  high  alumina  cement,  which  is  much  less  corrosive  to  cable 
sheathing,''-*  has  been  proposed. 
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Another  important  source  of  alkali  is  the  electrolysis  of  sodium 
chloride  or  common  salt  by  electrical  currents  flowing  to  the  cables. 
Under  these  conditions  caustic  soda  is  produced  at  the  sheath  which  is 
cathodic  or  negative  to  earth ;  hence  the  terms  ' '  cathodic  "  or  "  negative 
corrosion.  The  salt  usually  comes  from  that  used  in  the  winter  to 
thaw  out  street  car  switches,  although  in  one  case  it  has  been  traced  to 
the  drippage  from  salt-ice  mixtures  of  ice-cream  delivery  trucks.  In 
still  another  case,  a  power  cable,  negative  to  earth,  suffered  alkaline 
attack  as  the  result  of  the  electrolysis  of  alkali  salts  concentrated  at  a 
low  point  in  the  cable  run  by  heat  dissipation  of  the  cable.  Finally  it 
should  be  mentioned  that  the  use  of  calcium  chloride  on  streets  for 
melting  snow  or  laying  dust  would  lead  undoubtedly  to  its  coming  in 
contact  with  the  underground  cable  plant  and  being  converted  into 
corrosive  free  lime  in  areas  negative  to  earth. 

It  has  been  known  since  the  Middle  Ages  that  lead  is  corroded  by 
acetic  acid.  In  the  presence  of  the  carbon  dioxide  of  the  atmosphere, 
the  corrosion  product  is  the  pigment,  white  lead.  The  attack  manifests 
itself  by  the  formation  of  a  white  encasement  around  the  globules  of 
moisture  on  the  sheath;  at  first  a  mottled  effect  is  produced  which  in 
time  develops  into  a  heavy  white  encrustation  of  the  carbonate  or  basic 
carbonate  of  lead.  The  early  use  of  wood  conduit  was  attended  with 
occasional  cases  of  acetic  acid  corrosion  and  it  was  found  that  the  wood 
tar  creosote  used  as  the  preservative  contained  this  acid.  Since  that 
time  coal  tar  creosotes  have  been  specified  for  the  preservation  of  w'ood 
conduit.  The  conduit  most  widely  used  in  this  country  is  yellow  pine. 
Properly  creosoted  this  product  has  not  been  known  in  Bell  System 
experience  to  cause  corrosion  except  when  used  under  such  unusual 
circumstances  as  close  proximity  with  steam  pipes  or  exposed  on 
viaducts  over  railroad  yards  to  the  heat  of  locomotive  stacks.  In  these 
cases  acetic  acid  was  liberated  as  a  product  of  the  slow  decomposition 
of  the  wood.  A  recent  instance  of  acetic  acid  attack  in  creosoted 
conduit  manufactured  from  southern  yellow  pine  has  been  reported  and 
attributed  to  acid  liberated  by  the  destructive  decomposition  of  the 
wood  by  the  Kansas  sun.'*" 

The  most  serious  corrosion  of  cables  by  acetic  acid  on  record  is  that 
which  occurred  on  the  Pacific  Coast  in  creosoted  Douglas  fir  conduit  a 
few  years  ago.'*^  Following  the  initial  satisfactory  use  of  this  product 
for  subsidiary  cables  it  was  employed  extensively  for  main  com- 
munication subways.  With  the  expansion  of  the  cable  plant  into  this 
newly  constructed  duct  system  several  cases  of  acetic  acid  corrosion 
occurred — most  of  them  within  the  first  15  months  in  conduit  of  recent 
installation.     Analysis  of  the  atmosphere  within  the  cable  compart- 
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ments  revealed  the  presence  of  corrosive  concentrations  of  acetic  acid. 
In  the  investigation  made  of  this  trouble  it  was  concluded  that  the 
high  native  acidity  of  Douglas  fir,  together  with  the  drastic  treatment 
required  to  impregnate  it  with  creosote,  offered  a  reasonable  expla- 
nation for  the  corrosiveness  of  the  conduit.^^  jhe  corrosive  action  was 
effectively  stopped  by  neutralizing  the  acid  with  ammonia  gas  supplied 
to  the  affected  conduit  in  a  2  per  cent  mixture  with  air. 

The  corrosiveness  of  air  laden  with  acetic  acid  vapors  lies  in  the 
persistence  of  effective  non-polarized  corrosion  cells  of  constant  voltage. 
The  acid  furnishes  an  abundant  and  reasonably  constant  source  of 
replaceable  hydrogen  ions  and  the  continued  precipitation  of  lead  as 
carbonate  by  the  action  of  carbon  dioxide  maintains  a  low  concen- 
tration of  lead  ions.  Oxygen  acts  as  a  cathodic  depolarizer.  Since  the 
precipitation  of  lead  carbonate  or  basic  carbonate  occurs  at  an  appreci- 
able, although  very  small,  distance  from  the  seat  of  activity  on  the 
metal  surface,  it  offers  little  or  no  hindrance  to  the  corrosion  action. 

Phenols  and  other  acidic  constituents  of  coal  tar  pitches  have  been 
reported  to  be  corrosive  to  cable  sheathing  when  in  direct  contact  in 
the  form  of  protective  coatings.^'  There  is  no  evidence  either  from 
experience  with  creosoted  conduit  or  from  laboratory  tests  that 
phenolic  vapors  from  creosote  are  appreciably  corrosive  to  sheath. 

So  much  for  the  corrosive  media  of  the  environment  of  the  under- 
ground cable  plant.  Of  the  protective  agents,  none  is  more  important 
than  soluble  silicates.  It  is  well  known  that  lead  is  markedly  corroded 
in  distilled  water,  and  by  waters  low  in  hardness  and  in  total  solids. 
Saturation  of  distilled  water  with  calcium  silicate  (soluble  to  the  extent 
of  about  100  parts  per  million),  or  with  silicic  acid  derived  from  a 
suspension  of  silica  flour,  will  prevent  corrosion  of  lead.  The  cor- 
rosiveness of  certain  natural  waters  has  been  greatly  reduced  by  the 
addition  of  only  10  parts  of  sodium  silicate  (expressed  as  silicic  acid)  per 
million.'^  Analysis  of  a  large  number  of  samples  of  waters  from  cable 
manholes  and  subways  has  shown  silicate  contents  of  from  2  to  25  parts 
per  million.  In  concrete  conduit  values  up  to  143  parts  per  million 
have  been  found.  It  is  of  interest  in  this  connection  to  note  that 
although  silicates  appear  to  protect  lead  to  some  extent  in  all  ground 
waters,  their  effectiveness  is  greatest  in  the  range  of  alkalinity  corre- 
sponding to  values  of  pH  between  9  and  11,  where  pH  equals  the 
logarithm  of  the  reciprocal  of  hydrogen-ion  concentration.  The 
resistance  of  underground  cables  to  corrosion  appears  to  depend  chiefly 
upon  the  film-forming  action  of  silicates.  The  minimum  concentra- 
tions required  to  give  protection  depend  upon  the  nature  and  concen- 
trations of  the  corroding  agents  which  are  also  present. 
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The  effectiveness  of  silicates  in  passivatintj  lead  lies  in  the  extremely 
low  solubility  of  lead  silicate.  Consequently  silicate  ions  are  precipi- 
tated as  lead  silicate  in  close  contact  with  the  sheath  at  the  anodic 
areas  of  the  corrosion  cells.  As  the  more  anodic  regions  become 
polarized  in  this  fashion  other  areas  tend  to  function  as  anodes  but  with 
the  same  result  until  the  surface  of  the  sheath  becomes  entirely  covered 
with  an  insoluble  coating  of  lead  silicate  which  is  impervious  to  the 
corrosive  elements  of  the  environment. 

Chromates  and  phosphates  stand  ne.xt  to  silicates  in  ability  to 
passivate  lead,  but  do  not  occur  in  the  electrolytes  in  contact  with 
underground  cables.  Sulfates,  however,  are  a  common  constituent  of 
these  environments  and  in  laboratory  studies  have  been  shown  to  be  as 
effective  as  phosphates.'*^  The  passivating  effect  of  sulfates  is  directly 
proportional  to  concentration,  2500  parts  per  million  reducing  the  rate 
of  corrosion  of  distilled  water  about  50  per  cent.^*^  Electrolytes  from 
the  cable  plant  seldom  contain  as  much  as  10  per  cent  of  this  amount 
of  sulfate  and  so  the  specific  contribution  of  sulfates  alone  is  not  large; 
however,  added  to  that  of  various  other  film-formers  it  is  of  importance. 

Carbonates  exert  a  marked  retarding  influence  on  the  corrosion  of 
lead.  The  water  which  comes  in  contact  with  underground  cables 
always  contains  carbonate  ions  derived  either  from  soluble  carbonates 
from  the  soil  or  from  carbon  dioxide  of  the  soil  atmosphere.  Numerous 
analyses  of  the  air  in  cable  ducts  has  shown  it  to  run  from  0.1  per  cent 
to  10  per  cent  of  carbon  dioxide,  usually  averaging  about  1.5  per  cent  or 
0.015  atmospheres  pressure.  Pressures  of  carbon  dioxide  within  this 
range  reduce  the  rate  of  corrosion  of  lead  in  distilled  water  about  50 
per  cent.  It  is  claimed  that  high  pressures  of  carbon  dioxide,  e.g.,  6 
atmospheres,  increases  the  solvent  action  of  water  on  lead.*^  Carbon- 
ate equilibria  calculations  of  the  system  lead  carbonate-carbon 
dioxide-water  show  that  the  film  of  corrosion  products  which  forms  on 
lead  in  aerated  distilled  water  is  a  hydrated  oxide  of  lead  when  the 
partial  pressure  of  carbon  dioxide  is  less  than  lO^''*  atmospheres. 
Above  this  value  for  carbon  dioxide  and  up  to  a  pressure  of  about  10 
atmospheres,  the  film  should  consist  of  lead  carbonate.  Basic  carbon- 
ate, if  a  true  solid  phase,  should  also  be  found  within  this  range.  The 
bicarbonate  of  lead  would  appear  to  be  stable  at  still  higher  carbon 
dioxide  pressures.  It  is  of  interest  that  there  is  a  minimum  in  the 
calculated  solubility  curve  for  lead  carbonate  in  the  region  of  10~® 
atmospheres  of  carbon  dioxide.  Increasing  solubility  at  pressures 
greater  than  this  is  due  to  the  increasing  concentration  of  bicarbonate 
ions.  This  means  that  the  effectiveness  of  soil  carbonates  in  passivating 
cable  sheathing  is  somewhat  reduced  by  the  higher  carbon  dioxide 
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pressures  which  obtain  underground.     It  is  still,  however,  one  of  the 
most  important  of  corrosion  inhibitors. 

Mention  has  already  been  made  of  the  protective  influence  under 
certain  circumstances  of  silt  or  clay  deposits  on  the  surface  of  the 
sheath.  There  are  in  the  underground  electrolyte  many  other  sub- 
stances mainly  organic  in  nature  and  often  colloidal  which  aid  in  the 
preservation  of  cable  sheathing.  Whereas  the  anions,  such  as  silicates, 
sulfates,  and  carbonates,  induce  passivity  by  a  process  of  anodic 
polarization  of  corrosion  cells,  the  inhibitive  mechanism  of  soil  colloids 
and  of  the  organic  materials  in  soil  electrolytes  is  usually  one  involving 
cathodic  polarization  of  these  cells. 

Stray  Current  Corrosion 

The  most  common  kind  of  cable  sheath  corrosion,  the  most  de- 
structive and  best  recognized,  is  that  which  occurs  when  electrical 
currents  flow  from  the  sheath  to  ground.  In  this  case  the  portion  of 
cable  of  higher  potential  than  earth  has  the  general  characteristics  of  an 
anode,  while  the  cathode  is  some  extraneous  structure.  The  potentials 
between  anode  and  cathode  may  be  and  generally  are  greater  than  those 
which  are  possible  for  the  electrolytic  corrosion  cells  which  have  been 
described  at  length  in  this  paper.  The  size  of  the  currents  which  may 
flow  for  a  given  potential  will  of  course  depend  upon  the  resistance  of 
the  path,  i.e.,  upon  the  electrolytic  resistance  of  the  soil  solution  in 
contact  with  the  cable.  The  size  of  the  anodic  area  will  depend  upon 
the  area  of  the  sheath  in  contact  with  the  electrolyte.  The  nature  ot 
the  corrosive  attack  accordingly  will  depend  upon  this  area  and  the 
rate  of  current  flow  or,  in  other  words,  the  current  density.  In 
appearance  the  corroded  area  may  be  a  clean  cut  pit  or  pits,  or  it  may 
be  roughly  etched.  When  the  potential  is  greater  than  about  2  volts, 
a  brown  colored  anodic  oxidation  product,  lead  peroxide,  may  be 
formed.  A  simple  test  for  this — the  blue  coloration  which  develops 
when  a  small  amount  of  it  is  dissolved  in  a  5  per  cent  solution  of 
tetramethyldiaminodiphenylmethane  containing  dilute  acetic  acid — is 
a  certain  indicator  of  anodic  action.  A  negative  result  with  this  test, 
which  is  the  more  common  experience,  does  not,  however,  exclude  the 
possibility  that  the  attack  was  anodic  in  character;  the  potential  to 
earth  may  have  been  too  small  or  the  peroxide  may  have  been  actually 
formed  but  may  have  been  consumed  by  local  action  following  removal 
of  the  positive  sheath  potential. 

Occasionally  lead  chloride,  a  white  salt,  may  be  formed  in  the 
corroded  areas  under  anodic  conditions.  Thus,  the  finding  of  a 
relatively  greater  concentration  of  chloride  in  the  corrosion  product 
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than  in  the  surrounding  en\iroiiment  is  trustworthy  evidence  of  anodic 
corrosion. 

The  corrosion  efficiency  of  stray  current  anodic  corrosion,  i.e.,  the 
per  cent  of  the  current  involved  in  dissolving  lead,  will  often  be 
appreciably  less  than  100  per  cent.  The  complementary  anodic 
reaction  occurring  at  voltages  greater  than  approximately  2  volts  is  the 
evolution  of  oxygen.  For  example,  in  an  extract  of  a  black  alkali  soil 
containing  high  concentrations  of  sulfates,  tests  showed  that  less  than  1 
per  cent  of  the  current  was  consumed  in  the  dissolution  of  lead.  Under 
the  conditions  generally  prevailing,  however,  it  is  likely  that  the 
corrosion  efficiency  is  reasonably  high  and  that  the  amount  of  corrosion 
will  be  nearly  proportional  to  the  amount  of  current  which  flows  from 
the  sheath  to  ground. 

Cathodic  or  negative  corrosion  of  cable  sheathing,  which  occurs  when 
current  fiows  from  earth  to  the  sheath,  has  been  described  already 
under  the  discussion  of  alkaline  corrosion.  A  not  uncommon  indica- 
tion of  negative  conditions  is  an  encrustation  of  calcium  carbonate  on 
the  cable.  In  this  case  the  sheathing  is  generally  not  corroded.  It 
seems  likely  that  the  alkali  produced  by  electrolysis  of  lime  salts  is 
carbonated  as  formed  and  before  reaching  sufficiently  high  concentra- 
tion to  initiate  corrosion  and  that  calcium  carbonate  so  formed 
crystallizes  on  the  surface  of  the  sheathing. 

Instances  have  been  observed  in  which  cable  sheathing  appeared  to 
have  corroded  from  the  inside  surface. ^^  It  is  believed  that  the  action 
in  these  cases  was  preceded  by  the  occurrence  of  cracks  or  fissures  in 
the  sheath  which  admitted  moisture  and  provided  electrolytic  paths  by 
means  of  which  current  flowed  from  the  sheathing  to  the  copper 
conductors  within. 

Destruction  of  cable  sheathing  by  stray  electrical  currents  derived 
from  large-scale  galvanic  cells  has  been  experienced.  In  this  case, 
which  at  first  was  rather  mysterious,  it  was  found  that  contact  of  iron 
pipes  with  beds  of  buried  cinders  set  up  large  iron-carbon  couples  with 
potentials  of  approximately  0.7  volt.  The  soil  at  this  location  was 
unusually  low  in  resistance  and  the  wood  conduit  in  which  the  cables 
were  housed  was  water-logged  with  the  result  that  the  cables  picked  up 
current  in  regions  near  the  iron  structures  and  lost  it  at  other  points 
where  the  cable  passed  through  the  general  neighborhood  of  the 
cinder  beds.  The  electrical  condition  of  the  cables,  determined  by 
pulling  through  an  adjacent  duct  a  modified  calomel  reference  elec- 
trode,*^ showed  that  the  potential  of  the  cable  with  respect  to  earth 
varied  sharply  from  point  to  point  and  often  reversed  itself  more  than 
once  in  a  section  between  two  manholes.     Removal  of  corroded  cables 
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always  confirmed  the  duct  survey  as  to  the  location  of  anodic  regions. 
The  trouble  was  corrected  by  removal  of  the  cinder  beds. 

Summary 

In  summarization  it  may  be  stated  that  corrosion  is  not  a  primary 
factor  affecting  the  life  of  aerial  cables.  The  tendency  of  lead  to  crack 
as  a  result  of  repeated  stressing  has  been  minimized  by  alloying  with 
one  per  cent  of  antimony,  and  aerial  cables  sheathed  with  this  alloy 
have  shown  satisfactory  resistance  to  embrittlement  of  this  character. 
When  cable  sheathing  materials  are  buried  in  direct  contact  with  soils, 
serious  corrosion  develops  as  a  result  of  differential  aeration  cell  action, 
and  appears  to  have  little  or  no  relation  to  chemical  composition  of  the 
metallic  material.  In  addition  to  corrosion  cells  which  originate  in 
some  inhomogeneity  of  the  environment,  such  as  the  partial  exclusion 
of  air,  corrosion  of  cable  sheathing  may  occur  by  means  of  galvanic 
cells  arising  from  the  presence  of  metallic  impurities  or  contact  with  a 
more  noble  metal  such  as  copper.  The  electrolytic  operation  of  these 
corrosion  cells  is  influenced  by  the  conductance  of  the  surrounding 
electrolyte  and  the  chemical  nature  of  its  components.  Such  con- 
stituents as  oxygen,  nitrates,  alkalies,  organic  acids  and  chlorides  (in 
low  concentrations)  facilitate  the  operation  of  these  cells,  thereby 
increasing  the  rate  of  corrosion,  whereas  silicates,  sulfates,  carbonates, 
colloids  and  certain  organic  compounds  of  the  soil  waters  exert  a 
protective  action  which  may  retard  or  prevent  corrosion.  Finally 
mention  is  made  of  the  characteristics  of  the  most  common  kind  of 
corrosion,  that  due  to  stray  electrical  currents.  This  may  occur  as 
anodic  action  when  current  flows  from  the  cable  to  earth,  or  it  may 
occur  as  cathodic  action  when  the  current  flows  in  the  reverse  direction 
if  there  be  sufficient  concentrations  of  alkali  or  lime  salts  in  the  sur- 
rounding electrolyte. 

From  the  description  of  the  occurrence  and  general  characteristics  of 
cable  sheath  corrosion  in  the  present  paper  it  may  be  concluded  that 
although  there  are  many  conditions  under  which  cables  may  corrode, 
the  actual  incidence  of  corrosion  is  small  owing  to  the  maintenance  of 
non-corrosive  chemical  and  electrical  environments  in  the  cable  plant. 
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Reduction  of  Airplane  Noise  and  Vibration* 

By  C.  J.  SPAIN,  D.  P.  LOYE  and  E.  W.  TEMPLINf 
HE  three  principal  sources  of  airplane  noise  are  the  engine,  the 


-■-  propeller,  and  air  turbulence.  Because  of  the  impossibility  of 
generating  each  kind  of  noise  separately  from  the  others,  it  has  been 
necessary  to  develop  what  are  in  effect  means  for  separating  them  and 
studying  each  one  independently  as  they  vary  with  speed  of  ship, 
speed  of  engine,  and  horsepower.  In  brief,  the  method  that  was  used 
employs  a  series  of  tests  under  various  flight  conditions,  the  resulting 
data  making  it  possible  to  solve  a  set  of  simultaneous  equations.  The 
paper  gives  numerous  curves  showing  the  variation  with  engine  speed 
of  the  noise  from  these  three  sources. 

Fundamental  to  any  consideration  of  airplane  noise  are  the  charac- 
teristics of  the  ear  itself.  For  the  most  part,  physiology  does  not 
cooperate  with  the  acoustical  engineer  when  he  sets  out  to  increase  the 
comfort  of  air  travel.  In  fact,  it  has  been  necessary  to  develop  several 
specialized  measuring  devices  in  addition  to  the  familiar  type  of  noise 
meter.  Among  these  may  be  mentioned  particularly  a  frequency 
analyzer  which  permits  of  selecting  either  a  20-cycle  or  a  200-cycle 
band  out  of  any  portion  of  the  noise  spectrum  from  40  to  11,000  cycles 
per  second.  With  the  200-cycle  band  filter  the  general  shape  of  the 
noise  characteristic  is  measured,  while  with  the  20-cycle  filter  the 
frequency  components  of  engine,  propeller  and  other  noise  are  identi- 
fied and  measured. 

It  is  also  desirable  to  be  able  to  explore  surfaces  as  to  the  extent  to 
which  they  radiate  noise.  A  microphone  attachment  has  therefore 
been  developed  which  quickly  measures  the  characteristics  of  various 
interior  surfaces.  As  a  result,  it  has  been  found  possible  to  improve 
the  efficiency  of  distribution  of  the  sound  absorbing  material,  increasing 
its  weight  in  certain  locations  and  reducing  it  in  others,  thereby  both 
lowering  the  noise  level  in  the  cabin  and  decreasing  the  total  weight  of 
acoustic  treatment. 

In  order  to  measure  the  noise  reduction  provided  by  the  cabin  walls, 
another  device  known  as  a  high-speed  automatic  level  recorder  has 

*  Digest  of  a  paper  presented  before  the  Los  Angeles  (California)  Section  of  the 
American  Society  of  Mechanical  Engineers,  May  27,  1936.  Published  in  full  in 
Transactions  A.S.M.E.,  Vol.  58,  No.  6,  pp.  423-431,  August  1936. 

t  The  authors  of  this  paper  are  engaged  in  technical  work  with  the  Electrical 
Research  Products,  Inc.,  a  division  of  the  Bell  Telephone  System. 
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been  developed.  It  is  in  effect  a  rectifying  and  recording  oscillograph 
whose  stylus  is  capable  of  traveling  at  various  speeds,  the  highest  being 
such  as  to  indicate  in  one  second  a  difference  of  level  of  840  db. 

To  reduce  airplane  noise  within  the  passengers'  and  pilot's  compart- 
ments, it  is  necessary  to  provide  sound  absorbing  material  as  well  as 
sound  insulation.  If  there  were  no  absorption  within  the  cabin,  the 
sound  reduction  would  be  zero,  no  matter  how  efficient  the  insulation, 
as  the  insulation  would  in  this  case  only  serve  to  delay  the  building  up 
of  the  sound  inside  to  the  same  intensity  as  outside.  Laboratory 
equipment  suitable  for  the  study  of  absorbing  materials  and  the 
measurement  of  their  coefficients  is  therefore  a  very  necessary  adjunct. 

Finally,  mechanical  vibration  of  audible  rates  to  which  various  parts 
of  a  ship  respond  must  be  carefully  studied.  For  this  purpose,  a  so- 
called  vibrometer  has  been  perfected.  With  it,  data  are  obtainable 
indicating  the  extent  to  which  noise  is  transmitted  into  the  cabin 
through  the  fuselage  structure  as  compared  to  that  coming  through 
the  air. 
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The  Renaissance  of  Physics.^  Karl  K.  Darrow.  Intended  for 
the  general  public,  this  book  is  chiefly  a  story  of  some  of  the  great 
discoveries  and  some  of  the  grand  general  principles  achieved  or  con- 
firmed in  physics  since  the  century  began.  The  title  is  an  allusion 
to  this  period,  for,  to  quote  from  the  beginning  of  the  book:  "ever 
since  the  turn  of  the  century  physics  has  been  enjoying  a  veritable 
renaissance,  fairly  to  be  likened  with  that  splendid  flowering  of  the 
arts  and  humane  letters  four  hundred  years  ago  to  which  the  name  of 
Renaissance  was  first  applied.  In  this  contemporary  age  when  the 
artists  in  so  many  fields  are  overshadowed  by  the  work  of  masters  long 
since  dead,  the  physicist  has  had  the  glorious  good  fortune  of  sharing 
in  a  spirit,  an  ambition,  a  sense  of  novelty  and  limitless  opportunity, 
such  as  (we  are  told)  inspired  the  Elizabethans." 

The  chapter  headings  run:  Physics  and  the  Physicist — Intimations  of 
Electricity — Release  of  Electrons  from  Matter — Through  Measuring  to 
Knowing — Magnets  and  Moving  Charges — The  Atom  Visible — Light 
in  the  Semblance  of  Waves — Mystery  of  Waves  and  Corpuscles — Structure 
of  the  Atom — Technique  of  Transmutation — Victory  over  the  Elements — 
Unity  of  Nature. 

There  are  forty-five  illustrations,  many  of  them  half-tones  of  ap- 
paratus, spectra  of  various  kinds,  and  processes  of  transmutation.  No 
previous  knowledge  of  physics  is  required  of  the  reader,  and  the  use  of 
mathematics  is  confined  to  a  few  formulae  of  the  simplest  algebraical 
type.  Much  of  the  content  of  the  book  figured  in  the  course  of  Lowell 
Lectures  delivered  by  the  author  in  Boston  during  the  autumn  of  1935. 

Gutta-Percha — Effect  of  Vulcanization  of  its  X-Ray  Diagram}  C.  S. 
Fuller.  The  finding  of  previous  investigators  that  gutta-percha  and 
balata  have  identical  x-ray  patterns  is  verified.  Experiments  on  the 
x-ray  behavior  of  vulcanized  and  unvulcanized  gutta-percha  show  that 
vulcanization  (to  the  extent  carried  out  here)  has  no  effect  in  changing 
the  lattice  plane  spacings  of  either  the  alpha  or  beta  crystal  modifica- 
tions. Vulcanization  does  appear  to  increase  the  degree  of  orientation 
of  the  crystallites  present  in  these  substances  as  produced  by  stretching 

'  Published  by  Macmillan  Company,  New  York,  N.  Y.,  September,  1936. 
-  Indus,  and  Engg.  Chem.,  August,  1936. 
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and  to  that  extent  allows  a  more  accurate  calculation  of  the  identity 
periods  of  the  crystalline  forms  to  be  made. 

A  partial  transformation  of  the  beta  to  the  alpha  form  of  gutta- 
percha results  by  stretching  at  80°  C,  although  the  exact  conditions 
under  which  this  occurs  have  not  been  determined. 

The  identity  period  in  the  fiber  direction  of  the  beta  modification 
is  4.77  ±  0.03  A.,  or  double  this  value,  and  the  alpha  modification 
presents  an  anomaly  in  that  two  identity  periods  are  in  best  agreement 
with  the  data.  These  are  9.00  ±  0.05  and  8.70  ±  0.13  A.  In  the 
case  of  the  beta  modification  three  possible  orthorhombic  unit  cells 
which  are  in  agreement  with  the  observed  lattice  plane  spacings  are 
given. 

Fields  Caused  by  Remote  Thmiderstorms.^  K.  E.  Gould.  The 
object  of  the  studies  described  in  this  paper  was  to  verify  the  sup- 
position that  certain  types  of  short-duration  longitudinal  voltages 
appearing  in  communication  circuits  are  caused  by  remote  thunder- 
storms. By  means  of  simultaneous  directional  measurements  made  in 
the  frequency  range  below  40  kilocycles  at  two  points  as  much  as  900 
miles  apart,  thunderstorms  at  distances  of  several  hundred  miles  from 
one  or  both  of  these  points  have  been  located  with  a  degree  of  accuracy 
great  enough  to  permit  conclusive  correlation  of  the  storm  locations 
indicated  by  the  directional  measurements  with  the  locations  of 
recorded  thunderstorms.  Methods,  equipment,  and  results  are 
discussed. 

Improved  Types  of  Transmission  Measuring  Systems  and  Methods 
of  Measurement.'^  W.  H.  Harden.  The  quantitative  measurement 
of  the  electrical  efificiency  of  telephone  circuits  as  one  of  the  important 
checks  of  the  ability  of  these  circuits  to  satisfactorily  transmit  speech 
has  become  an  increasingly  important  maintenance  function  during 
the  past  twenty  years.  The  function  of  transmission  measuring 
equipment  is  not  only  to  provide  a  convenient  tool  for  quickly  checking 
the  electrical  efficiency  of  telephone  circuits,  but  also  to  serve  as  an 
aid  in  locating  the  cause  of  trouble  when  it  is  found  to  exist.  It  is 
the  purpose  of  this  paper  to  review  briefly  the  progress  which  has  been 
made  in  transmission  testing  technique  and  to  describe  some  recent 
advances  in  the  art  which  greatly  facilitate  this  important  part  of 
telephone  maintenance  work.  The  discussion  of  these  advances  in 
the  art  will,  we  believe,  be  of  interest  to  the  railroads  in  connection 
with  the  operation  and  maintenance  of  their  private  telephone  systems. 

^Elec.  Engg.,  June,  1936. 
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Some  Improvements  in  Toll  Circuit  Design  and  Transmission}  Glen 
Ireland.  Progress  did  not  crash,  along  with  the  stock  market,  in 
1929.  Subsequent  years  have  seen  astonishing  advances  in  many 
important  businesses  of  the  country  as  regards  scientific  develop- 
ments, improved  methods  and  better  service.  This  is  particularly 
true  in  the  allied  fields  of  transportation  and  communication  where 
the  service  has  been  made  more  and  more  convenient,  comfortable  and 
accessible.  Mr.  Ireland's  work  lies  in  the  field  of  communication  and 
more  specifically  has  to  do  with  toll  circuit  design  and  transmission. 
In  this  paper  he  tells  something  of  the  progress  in  this  field;  first  with 
respect  to  some  new  toll  circuit  instrumentalities  that  may  be  of  direct 
interest  in  the  work  of  the  railroads,  and  secondly  about  some  im- 
portant and  fundamental  improvements,  which  are  of  general  interest 
as  indicating  the  trends  in  the  art. 

The  general  practices  followed  in  connection  with  the  design  and 
installation  of  toll  cables  in  the  Bell  System  were  described  before  the 
Telegraph  and  Telephone  Section  of  the  Association  of  American  Rail- 
roads several  years  ago.  There  have  been  several  specific  changes  in 
practices  and  some  improved  instrumentalities  made  available  in  this 
field  which  it  is  believed  will  be  of  interest  to  the  railroads. 

Calculated  and  Experimental  Photoelectric  Emission  from  Thin  Films 
of  Potassium.^  Herbert  E.  Ives  and  H.  B.  Briggs.  Several  years 
ago  one  of  the  writers  proposed  a  theory  of  the  photoelectric  emission 
from  thin  films  of  alkali  metals  on  supports  of  other  metals,  not 
photoelectrically  active  in  the  regions  of  the  spectrum  under  observa- 
tion. According  to  this  theory  the  photoelectric  emission  is  pro- 
portional to  the  rate  of  energy  absorption  by  the  thin  film  of  alkali 
metal.  The  magnitude  of  the  photoelectric  current  depends  on  the 
energy  density  immediately  above  the  supporting  metal,  which  is 
established  from  a  knowledge  of  the  optical  constants  of  that  metal, 
and  upon  the  specific  absorption  of  the  alkali  metal  film.  For  its 
verification,  the  theory  demands  a  knowledge  of  the  optical  constants 
of  both  supporting  and  alkali  metals  throughout  the  whole  region 
of  the  spectrum  where  observations  can  be  made.  While  optical 
constants  have  been  determined  for  platinum,  which  is  the  metal  most 
commonly  used  for  a  support  for  these  thin  films,  no  optical  constants 
for  the  alkali  metals  have  been  available  except  in  the  visible  region. 
In  this  region,  a  very  satisfactory  confirmation  of  the  theory  was 
obtained,  particularly  in  respect  to  the  variation  of  emission  with  the 
angle  of  incidence  for  the  two  principal  planes  of  polarization  (vectorial 
effect).     One  of  the  most  characteristic  phenomena  of  photoelectric 

'"  Proc.  Assoc.  Amer.  Railroads — Telegraph  and  Telephone  Section,  June,  1935. 
^  Jour.  Opt.  Soc.  Amer.,  June,  1936. 
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emission  from  thin  films,  namely,  the  occurrence  of  a  pronounced 
maximum  of  emission  in  the  spectrum,  could  not  be  compared  with 
the  predictions  of  this  theory  because  these  maxima  in  the  case  of  the 
alkali  metals  lie  in  the  ultra-violet.  The  theory  of  photoelectric 
emission  from  thin  films  has  consequently  had  to  stand  unconfirmed 
in  its  entirety  until  such  time  as  the  optical  constants  of  the  alkali 
metals  became  available.  In  a  separate  paper  the  writers  describe 
an  experimental  determination  of  the  optical  constants  of  potassium. 
In  the  present  paper  these  constants  are  applied  to  the  photoelectric 
theory,  and  the  results  are  compared  with  experiment. 

The  Optical  Constants  of  Potassium.''  Herbert  E.  Ives  and  H.  B. 
Briggs.  The  importance  of  a  knowledge  of  the  optical  constants  of 
the  alkali  metals  is  emphasized  by  numerous  recent  theories  of  the 
metallic  state  and  the  optical  properties  of  metals  in  general.  In 
these  theoretical  treatments  the  alkali  metals,  because  of  their  extra- 
ordinary properties,  in  particular  their  spectral  region  of  transparency, 
have  figured  largely.  There  has,  however,  existed  a  serious  gap  in 
our  experimental  knowledge,  in  that  optical  constants  have  been 
entirely  lacking  for  the  region  of  extreme  interest,  namely,  the  ultra- 
violet. Without  such  knowledge  theories  must  stand  unchecked. 
Sufficient  warrant  for  undertaking  an  experimental  determination  of 
the  optical  constants  of  the  alkali  metals,  of  which  this  study  of 
potassium  is  the  first,  is  therefore  found  on  this  ground  alone.  In 
addition,  the  writers  have  a  special  interest  in  these  constants  in 
connection  with  their  work  on  the  photoelectric  effect.  A  theory 
of  the  photoelectric  emission  from  thin  films  of  alkali  metals,  proposed 
some  years  ago,  which  has  been  very  successful  in  explaining  the 
phenomena  in  the  visible  region  of  the  spectrum,  has  urgently  de- 
manded optical  data  for  its  test  in  the  ultra-violet  region,  where  the 
most  extreme  and  characteristic  peculiarities  of  photoelectric  emission 
are  found. 

Design  and  Equipment  of  a  Fifty -Kilowatt  Broadcast  Statmifor  WOR.^ 
J.  R.  PoppELE,  F.  W.  Cunningham,  and  A.  W.  Kishpaugh.  With 
its  novel  directional  antenna,  WOR  produces  a  maximum  field  strength 
toward  both  New  York  and  Philadelphia  while  limiting  radiation  in 
the  direction  of  the  ocean  and  sparsely  populated  areas.  Radiation 
distribution  measurements  are  given. 

The  layout  of  the  station  and  the  unique  arrangements  for  lighting, 
heating,  and  ventilation  of  the  building  are  described. 

'  Jour.  Opt.  Soc.  Amer.,  June,  1936. 
^Proc.  I.R.E.,  August,  1936. 
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A  serious  attempt  has  been  made  to  design  and  operate  the  equip- 
ment for  a  performance  consistent  with  advanced  ideas  of  high  fidelity. 
Measurements  from  microphone  to  antenna  of  distortion,  noise,  and 
frequency  response  are  presented. 

Dial  Sivitcking  of  Connecticut  Toll  Calls. ^  W.  F.  Robb,  G.  M. 
McPhee,  and  A.  M.  Millard.  The  special  application  of  step-by- 
step  dial  switching  equipment  to  the  handling  of  short  distance  toll 
telephone  traffic  was  introduced  in  Connecticut  in  1929,  and  has  been 
extended  gradually  until  at  present  approximately  46,000  toll  messages 
per  day,  comprising  70  per  cent  of  the  trafiic  between  exchanges  in  this 
area,  are  dispatched  over  the  1,367  circuits  of  the  dial  switching  net- 
work. The  resulting  service  improvements  and  savings  in  operating 
efforts  are  discussed  in  this  paper,  and  a  brief  description  of  the 
transmission  and  equipment  characteristics  of  the  system  is  given. 

9  Elec.  Engg.,  July,  1936. 


Contributors  to  this  Issue 

E.  W.  Bemis,  Worcester  Polytechnic  Institute,  1919,  B.S.  in  Elec- 
trical Engineering;  Graduate  Assistant  in  Electrical  Engineering  at 
Worcester  Polytechnic  Institute,  1919-1920.  American  Telephone 
and  Telegraph  Company,  Department  of  Operation  and  Engineering, 
1920-.  Mr.  Bemis  has  been  engaged  in  work  on  carrier  telephone 
systems,  program  transmission  and  public  address  systems,  inductive 
coordination  of  power  and  telephone  lines  and  since  1932  on  telegraph 
engineering  with  particular  reference  to  its  transmission  features. 

R.  M.  Burns,  A.B.,  University  of  Colorado,  1915;  A.M.,  1916; 
Ph.D.,  Princeton  University,  1921;  Instructor,  University  of  Colorado, 
1916-17.  Western  Electric  Company,  1922-25.  Bell  Telephone 
Laboratories,  1925- ;  Assistant  Chemical  Director,  1931-.  Dr.  Burns' 
work  has  been  largely  in  the  electrochemical  field  and  particularly  on 
the  subject  of  the  corrosion  of  metals  and  its  prevention. 

James  A.  Carr,  B.S.  in  Electrical  Engineering,  Virginia  Poly- 
technic Institute,  1919;  Graduate  Student  in  Electrical  Engineering 
at  Massachusetts  Institute  of  Technology,  1920.  American  Telephone 
and  Telegraph  Company,  Development  and  Research  Department, 
1921-27;  Bell  Telephone  Laboratories,  1927-.  Mr.  Carr's  work  has 
been  mostly  in  aerial  line  design  and  maintenance  studies. 

B.  L.  Clarke,  B.S.,  George  Washington  University,  1921;  M.A., 
Columbia  University,  1923;  Ph.D.,  Columbia  University,  1924.  Bell 
Telephone  Laboratories,  192  7-.  Dr.  Clarke  has  been  in  charge  of  the 
work  in  analytical  chemistry  since  1930. 

H.  W.  Hermance,  Western  Electric  Company  (Kearny),  1925-27, 
chemist;  Bell  Telephone  Laboratories,  192 7-.  Mr.  Hermance  orig- 
inally did  general  chemical  analytical  work.  Since  1930  he  has  been 
in  charge  of  the  work  in  microanalysis. 

A.  D.  Knowlton,  B.S.,  Haverford  College,  1920.  W'estern  Electric 
Company,  Engineering  Department,  1920-24.  Bell  Telephone  Labo- 
ratories, 1924-.  Mr.  Knowlton  is  engaged  in  the  development  of 
telegraph  equipment. 

Frederick  B.  Llewellyn,  M.E.,  Stevens  Institute  of  Technology, 
1922 ;  Ph.D.,  Columbia  University,  1928.     Western  Electric  Company, 

633 


634  BELL   SYSTEM   TECHNICAL   JOURNAL 

1923-25;  Bell  Telephone  Laboratories,  1925-.  Dr.  Llewellyn  has  been 
engaged  in  the  investigation  of  special  problems  connected  with  radio 
and  vacuum  tubes. 

G.  A.  Locke,  B.S.,  Cooper  Union,  1920;  E.E.,  Cooper  Union,  1923. 
New  York  Telephone  Company,  1908-15.  Western  Electric  Com- 
pany, Engineering  Department,  1915-17.  Ignited  States  Signal 
Corps,  1917-19.  Western  Electric  Company,  Engineering  Depart- 
ment, 1919-24.  Bell  Telephone  Laboratories,  1924-  Mr.  Locke  is 
engaged  in  the  development  of  telegraph  switching  circuits. 

R.  E.  Pierce,  Cornell  University,  1913,  A.B.  and  M.E.  American 
Telephone  and  Telegraph  Company,  Engineering  Department 
1913-1919;  Department  of  Operation  and  Engineering,  1919-.  Mr. 
Pierce  has  been  engaged  in  work  on  telegraph  matters  and  during  the 
period  with  the  Department  of  Operation  and  Engineering  has  been  in 
charge  of  telegraph  engineering. 

F.  W.  Reynolds,  B.S.  in  Electrical  Engineering,  Union  College, 
1919;  Ph.D.,  Cornell  University,  1924;  Signal  Corps,  U.  S.  A.,  1918. 
American  Telephone  and  Telegraph  Company,  Department  of  Devel- 
opment and  Research,  1924-1934;  Bell  Telephone  Laboratories,  1934-. 
Dr.  Reynolds  has  been  engaged  in  the  development  of  telephotography. 

F.  J.  Singer,  B.S.  in  Electrical  Engineering,  University  of  Wash- 
ington, 1920;  M.S.  in  Electrical  Engineering,  University  of  Wisconsin, 
1922.  American  Telephone  and  Telegraph  Company,  Department  of 
Development  and  Research,  1922-34.  Bell  Telephone  Laboratories, 
1934-.  As  Telegraph  Switching  Engineer,  Mr.  Singer  is  engaged  in 
the  development  of  telegraph  switching  and  testing  facilities. 


I 


'  '   '  !  it  ;,JJ1, 


J^vllH^mifHillHajiiHllHiiHilllil^Hli 


:■  'liii.. 


